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Abstract

Colorectal cancer is the 4th most common cancer in the UK. Patients with high

levels of the bacteria Fusobacterium nucleatum (F. nucleatum) and Bacteroides

fragilis (B. fragilis) within their tumours are associated with poorer survival out-

comes. F. nucleatum promotes pro-inflammatory cytokines, tumour-immune cy-

tokines, cancer stem cell-like states, genome instability/mutation, epithelial tight

junction damage and supports chemotherapy component breakdown. Enterotoxi-

genic Bf (Ent. B. fragilis) strains produce a toxin, fragilysin, that forms biofilms,

damages epithelial tight junctions, and induces inflammatory intestinal responses.

We hypothesise that future therapies that remove pathogens such as F. nucleatum

and Ent. B. fragilis from the tumour microenvironment could improve the success

of chemotherapy and therefore patient outcomes. One approach is to remove these

bacteria from the tumour environment by selectively killing them using an engi-

neered live bacterial therapeutic product (eLBP). The eLBP would achieve this by

using small, highly specific, antimicrobial peptides known as bacteriocins. Over-

all, this work had the following goals: 1) to identify bacteriocins that can target

F. nucleatum/Ent. B. fragilis and 2) to build an eLBP that could deliver them. Bac-

teriocins that successfully kill F. nucleatum/B. fragilis were identified, and a num-

ber of delivery systems were explored, including secretion and lysis circuits. The

bacteriocin, Aureocin A53 was successfully delivered, via a lysis circuit, but fur-

ther work is required to express bacteriocin at high enough concentrations to kill

the onco-pathogens. We investigated cancer patients’ attitudes towards this tech-

nology through a charity associated survey, which we found to be positive. This

work highlights some of the challenges involved in building bacteriocin secreting
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eLBPs and can provide directions for building generic eLBPs to target the emerging

pathobionts that interfere with chemotherapeutic treatment and drug-microbiome

interactions more generally.



Impact Statement

Within academia this research confirms the feasibility of engineering E. coli to

express bacteriocins that are not native to the species. The study demonstrated

that E. coli can produce functional bacteriocins capable of effectively targeting

pathogens, such as Enterococcus faecalis. Additionally, it was shown that E. coli

can support a secretion system akin to colicin bacteriocins, allowing the release of

functional bacteriocins without requiring a dedicated secretion mechanism. This

work also highlights the complexity of engineering potent bacteriocins into unin-

ducible platforms, as evidenced by the challenges encountered in developing ex-

pression plasmids for certain bacteriocins. These findings stress the importance of

thoughtful design when working with antimicrobial peptides in synthetic biology.

The benefit outside of academia is that this work represents a step forward in devel-

oping engineered live biotherapeutics that can selectively kill pathogens, with po-

tential applications in fields like colon cancer treatment, where bacterial pathogens

can reduce chemotherapy efficacy. It also contributes to addressing the urgent need

for alternatives to antibiotics in combating antimicrobial resistance. Furthermore,

the outreach efforts, such as the conducted survey, have raised awareness about in-

novative treatment options under development, creating a bridge between scientific

advancements and public understanding. The overall impact of this work is that pa-

tients are now more aware of less invasive, innovative treatments that may emerge

in the future, fostering hope and openness to new therapeutic approaches. Insights

from the survey emphasize the critical role of clinicians in communicating these

advancements to patients, underscoring the importance of their involvement in de-

ploying new therapies. This research also serves as a cautionary tale for researchers:



Impact Statement 6

not all antimicrobial peptides will function seamlessly in foreign hosts, urging care-

ful consideration of the chassis used for engineering. For example, while Bacillus

subtilis was initially considered as a chassis, it proved unsuitable due to its sus-

ceptibility to the peptides. These findings could guide future decisions to engineer

alternative strains from the outset when E. coli is not the final intended host.
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Chapter 1

Introduction

‘I wish, as well as everybody else, to be perfectly happy; but,

like everybody else, it must be in my own way.’
— Jane Austen, Sense & Sensibility
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1.1 Synthetic biology

Synthetic biology is an interdisciplinary field that applies ‘engineering tools and

principles to design and engineer novel biologically-based parts, devices, and sys-

tems that do not exist in the natural world’ [2]. At its base level synthetic biology has

the potential to engineer new abilities by redesigning organisms for useful purposes

[3]. The field leverages advanced tools such as DNA synthesis, genome editing, and

computational biology to enable the reprogramming of life [4, 5]. Synthetic biol-

ogy takes principles from engineering such as the design, build, test, learn cycle and

uses them to systemise the field, improving efficacy and generalisability [6]. The

impact of synthetic biology has the potential to provide solutions to some of the

most pressing global challenges, such as climate change, food security, and human

health [7].

The expertise that synthetic biology can contribute to research is already being

realised. Microbes are being engineered for bioremediation, from Escherichia coli

(E. coli) biosensors that can detect mercury and secrete mercury-absorbing proteins

[8] to E. coli that can express catabolic enzymes for the degradation of oil spills

[9]. By harnessing the metabolic capacities of these organisms, synthetic biology

offers a more efficient and sustainable alternative to conventional oil clean up meth-

ods [10]. In fact, these technologies are nearing public use, for example, bacterial

biosensors are being integrated with smartphones to detect unsafe levels of arsenic

[11].

Synthetic biology has applications in biotechnology, where it is being used to

create synthetic pathways for biofuel production. The gene editing tool, CRISPR,

has been used to engineer a consortia of Clostridium sp. to convert the renew-

able feedstock lignocellulose into butanol, a much desired solvent [12]. This helps

advancements towards reducing the dependence on fossil fuels, which aligns with

global efforts to tackle climate change.

In the field of agriculture, synthetic biology is revolutionising crop production.

For example, the microbial based fertiliser by Pivotbio, where a soil bacterium,

Klebisella variicola, was engineered to constantly fix nitrogen. The Klebsiella nat-
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urally live on the root of the desired crops, fixing nitrogen, therefore the nitrogen is

not washed away by rain nor is it decomposed to nitrogen oxide (greenhouse gas)

[13]. Other areas have worked to genetically engineer the crop itself; such as rape-

seed, which was engineered to increase its yield whilst reducing its requirement for

water [14]. Looking at healthier foods, there are works addressing reducing the fatty

acid content of soya beans [15]. Innovations like these can improve food security

and contribute to more sustainable agricultural practices.

Beyond agriculture and biotechnology, synthetic biology has a place in tack-

ling human health and disease with the potential to develop engineered probiotics.

The potential of synthetic biology to improve human health ranges from yeast that

were engineered to express the anti-malarial compound, artemisinin [16], to hu-

man T-cells that were reprogrammed to express chimeric antigens that enable the

immune system to target cancer cells [17]. It could be argued that the greatest

contribution to global health, from synthetic biology, was the mRNA vaccine de-

velopment used in the Covid-19 pandemic. A fully synthetic SARS-CoV-2 S gene

was cloned onto a plasmid vector, and this was used as the template for the in vitro

synthesis of the vaccine [18]. Further adaptations meant the protein was stabilised

in the pre-fusion state [19, 18]. More importantly, for this work, synthetic biol-

ogy is reshaping our understanding and manipulation of the human microbiome.

Engineered bacteria that can sense disease states and then deliver tissue-specific

therapeutics are already in development [20], alongside engineered phages for the

treatment of bacterial infections and plant based vaccines producing virus-like parti-

cles to tackle human diseases [21]. Ultimately, these approaches will help minimise

reliance on traditional untargeted therapies and help address challenges such as an-

tibiotic resistance.

Synthetic biology holds transformative potential across diverse sectors, from

environmental conservation and agriculture to human health. By enabling the de-

sign and engineering of biological systems, it offers innovative solutions to chal-

lenges that have long seemed insurmountable. As the field progresses, a balanced

approach that integrates scientific innovation with responsible governance will be
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crucial to ensure that synthetic biology achieves its potential while minimising risks

to biodiversity, human health, and society.

1.2 Microbiome engineering and engineered live bac-

terial therapeutics

The microbiome is the collective genomes of all the microorganisms and the mi-

crobiota is classed as all the microorganisms inhabiting a particular environment

[22, 23]. The human microbiota is a complex ecosystem implicated in numerous

diseases, including neurological disorders [24, 25], inflammatory conditions like

ulcerative colitis [26], and cancers [27]. This has driven the development of micro-

biome engineering techniques, including probiotics, faecal microbiota transplants

(FMTs), and dietary modifications [28].

The microbiome has become a target of recent therapies, as its impacts on

multiple health and disease states become apparent [29]. Current methods of tar-

geting the microbiome involve using non-engineered probiotic strains that naturally

exist [30]. There are examples of microbiome engineering with engineered bacte-

ria, which include manipulating metabolites. For example an E. coli Nissle (E. coli

with a high safety profile) was modified to degrade phenylalanine in the genetic dis-

ease phenylketonuria (PKU) [31]. Moreover, engineered bacterial therapies that can

selectively eliminate specific microbes hold greater promise in treating conditions

where one well known species is contributing to poor health outcomes.

Several microorganisms are known to play causative or antagonistic roles in

human disease. For instance, Enterococcus faecalis (E. faecalis), a gut commen-

sal [32], is implicated in urinary tract infections [33] and disrupts colonic tissue

healing [34]. Additionally, Clostridioides difficile (C. difficile) is responsible for

life-threatening diarrhoea, with high rates of recurrent infection despite existing an-

tibiotic treatments [35] and infections caused by Vibrio cholerae lead to cholera,

characterised by severe fluid loss that can prove fatal within hours [36, 37]. Simi-

larly, Fusobacterium nucleatum (F. nucleatum), an oral and mucosal commensal, is
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an oncogenic microorganism linked to colorectal cancer [38].

In Europe, colorectal cancer is one of the most commonly diagnosed cancers

[39]. Therefore, therapies targeting specific microbes, such as F. nucleatum and

B. fragilis in colorectal cancer, could transform outcomes by mitigating microbial

contributions to immunosuppression and inflammation in the tumour microenvi-

ronment [40]. These onco-pathogens pose a real challenge with global prevalence

of F. nucleatum and B. fragilis in colorectal cancer patients at 39.8% and 42.4%

respectively [41]. F. nucleatum is a prognostic marker for poor outcomes in col-

orectal cancer [42]. It is believed it achieves this through multiple routes, including,

modulating immune responses [43], disrupting epithelial tight junctions [44], in-

creasing inflammation and oxidative stress [45], and facilitating chemo-resistance

[46]. In the case of B. fragilis both enterotoxigenic and non-enterotoxigenic strains

are linked to colorectal cancer [47]. Whilst the enterotoxigenic strains produce the

toxin, fragilysin, the non-enterotoxigenic strains can damage epithelial barriers, in-

ducing inflammation [48]. Current cancer treatments, including surgery, chemother-

apy, and radiation [49], fail to address these microbial contributions, underscoring

the need for targeted therapies.

Beyond transient probiotics, microbiome engineering has the potential to en-

able long-term manipulation of microbial communities for improved health but we

need to understand these communities to attempt engineering them. In the human

gut, microbial diversity correlates with health [50, 51], whereas its loss is linked

to critical illnesses [52]. Conversely, the vaginal microbiome thrives with lower

diversity, with increases often associated with diseased states [53]. Current mi-

crobiome engineering strategies include modulatory, additive, and subtractive ap-

proaches [54, 55]. Modulatory therapies involve non-living agents like prebiotics,

while additive therapies introduce natural or engineered microbes. Subtractive ther-

apies, such as bacteriophages or bacteriocins, selectively remove specific microbes.

These approaches, however, must account for microbial competition and environ-

mental pressures, which influence community dynamics.

Engineered Live Biotherapeutic Products (eLBPs) are genetically engineered
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microorganisms designed for therapeutic or diagnostic purposes and could tackle

the issues raised regarding, microbial competition and community dynamics. The

eLBPs stand out as a promising innovation. By genetically modifying microorgan-

isms, eLBPs enable precise therapeutic functions, offering advantages over tradi-

tional probiotics or synbiotics, such as enhanced control through genetic elements

and reduced risks from native microbiota. Further, they provide precise control

through genetic elements such as inducible promoters and defined strain chassis,

minimising risks associated with native microbiota [56, 28]. Examples include an

E. coli Nissle engineered to improve cancer therapy in mice. This was achieved by

improving the mechanism of delivery of the engineered bacteria, coating them in

a capsular polysaccharide that reduces bacterial immunogenicity and improves the

therapeutic efficacy and safety [57]. Whilst, this example focused on delivery other

examples focus on delivering the treatments, such as the Lactococcus lactis that was

modified to produce interleukin-10 (IL-10) for colitis treatment. In mouse models

this eLBP resulted in a 50% reduction in the disease and the local delivery of IL-10

reduced the therapeutic dose required, in addition to preventing colitis onset in IL-

10−/− mice which normally spontaneously develop colitis [58]. However, despite

the potential of eLPBPs, challenges remain, including risks of mutation, limited en-

gineering tools for species beyond E. coli and Lactobacillus, and a lack of efficacy

in human trials [59, 60].

Increasing numbers of eLBPs are entering clinical trials for cancer, metabolic

diseases, and other conditions. For cancer, engineered strains like Listeria mono-

cytogenes (ADXS11-001) target HPV-associated cancers [61], while Salmonella-

based VXM01 [62] and E. coli Nissle 1917-based SYNB1891 [63] show promise in

solid tumors and glioblastoma. For metabolic diseases, candidates like SYNB1618

[64] and SYNB1934 [65] degrade phenylalanine to mitigate phenylketonuria, while

SYNB8802 [66] and NOV-001 [67] address enteric hyperoxaluria. However, many

eLBPs have faced challenges in translation from preclinical studies to human effi-

cacy, highlighting the need for advanced models, scalable manufacturing, and pub-

lic acceptance.
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The transformative potential of eLBPs lies in their ability to address unmet

medical needs through precise microbial manipulation. By overcoming challenges

in biocontainment, efficacy, and societal acceptance, eLBPs could redefine thera-

peutic approaches across diverse diseases. However, most work on eLBPs remain

in pre-clincial phases of research [20]. Continued research, clinical trials, and reg-

ulatory progress will be pivotal in unlocking the full potential of microbiome engi-

neering.
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1.3 Bacteriocins

Bacteriocins are ribosomally synthesised antimicrobial peptides [68], produced and

secreted by Gram-positive bacteria, Gram-negative bacteria, and archaea [69]. In

Gram-negative bacteria, the two main classes of bacteriocins are microcins and col-

icins, both of which have a narrower spectrum of antimicrobial activity compared

to those produced by Gram-positive bacteria [70]. Colicins are large, thermolabile

peptides that can be further categorised into Group A and Group B based on their

mode of import, which exploits nutrient uptake pathways in sensitive cells [71, 72].

Group A colicins utilise the Tol protein system, whereas Group B colicins enter

via the Ton system [73]. In contrast, microcins are small, thermostable peptides

that can be classified based on whether they are chromosome- or plasmid-encoded

[70]. They are further divided into Class I and Class II microcins [74]: Class I mi-

crocins are low-molecular-weight peptides that undergo post-translational modifi-

cations, while Class II microcins have a larger molecular weight and are subdivided

into Subclasses IIa, IIb, IIc, and IId [73] (Figure 1.1.

Class I bacteriocins are small peptides (<5 kDa) that contain unusual post-

translational modifications, such as lanthionine, which forms covalent bonds result-

ing in internal ring structures. The most well-known example of a Class I bacteri-

ocin is nisin A [75]. Nisin A is approved for use in the food industry by both the

U.S. Food and Drug Administration (FDA) and the European Food Safety Author-

ity (EFSA) and has recently demonstrated the ability to survive the harsh conditions

of the gastrointestinal tract, facilitating microbiome engineering to restore a health-

like state [76].

In contrast, Class II bacteriocins are larger (<10 kDa), unmodified, ther-

mostable, cationic, hydrophobic peptides that lack lanthionine. They are sub-

divided into four groups: Class IIa (pediocin-like bacteriocins), Class IIb (two-

peptide unmodified bacteriocins), Class IIc (circular bacteriocins), and Class IId

(non-pediocin-like linear bacteriocins) [77]. Class IIa bacteriocins consist of a sin-

gle peptide and exert bactericidal activity by disrupting membrane potential and

increasing membrane permeability [78]. Class IId bacteriocins are linear peptides
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 Colicins
Molecular weight >10 kDa

 Microcins
Molecular weight <10 kDa

Group A:
Tol protein import

Group B:
Ton protein import 

Class I: 
Small, <5 kDa 
undergo PTM

e.g. Nisin A

Class II: 
Bigger, 5-10 kDa, 
unmodified / minimal 
modification

Class IIa:
Single peptide

e.g. MccV

Class IIb:
Two peptide
Unmodified 

e.g. Plantaricin E + F

Class IIc:
Circular 

e.g. Garvicin ML

Class IId:
Single peptide
Linear peptide

e.g. Garvicin A

Figure 1.1: Bacteriocin classification
This flow chart highlights the current bacteriocin classification system. Some ex-
amples of the different Class II microcins are given.

that do not fit into the other three categories [79].

An example of a Class IIa microcin is Microcin V (MccV), produced by E. coli.

Like most bacteriocins MccV is encoded within a gene cluster comprising four

essential genes: an activity gene (encoding MccV), an immunity gene (encoding

a protective peptide for the producer), and two genes that integrate into the ATP-

binding Cassette (ABC) transporter system, facilitating MccV secretion [68, 80].

MccV is imported into sensitive cells via the CirA outer-membrane receptor and its

uptake is TonB-dependent [68, 81]. The CirA, TonB, ExbB, and SdaC genes are

essential for MccV-mediated killing [82]. MccV is naturally expressed under iron-

depleted conditions [82, 83] and exerts its antimicrobial effect through membrane

pore formation [84].

The greatest advantage of bacteriocins lies in their potential as antibiotic alter-

natives, as they employ different mechanisms to inhibit bacterial growth, preventing

the creation of unoccupied niches that opportunistic pathogens could exploit [85].
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Bacteriocins can selectively target and eliminate specific pathogens without harm-

ing commensal bacteria, preserving indigenous human microbiomes [86]. Unlike

toxin-antitoxin systems, bacteriocin-based microbial control does not require engi-

neering every cell in a population, only a single producer is needed [87].

Currently, the only known library of bacteriocin genes is the PARAGEN 1.0

collection, operated by Syngulon [88]. This collection comprises both chemically

synthesised and in vivo produced bacteriocins, containing all the genetic elements

necessary for in vitro cell-free synthesis of bacteriocins [1]. For this work it is im-

portant that the bacteriocins selected can be incorporated into plasmids for in vivo

production by the eLBTs. Therefore, to build these plasmids the Modular Cloning

(MoClo) [89] system was used. This is a digestion and ligation DNA assembly

method, using standardised parts with pre-defined overhangs that allow for effi-

cient plasmid assembly and easy interchangeability of parts, facilitating precise and

adaptable engineering of the bacteriocins into genetic circuits [90].
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1.4 Microbial population control

There are several methods for controlling microbial populations, including quorum

sensing, metabolic flux regulation, and spatial segregation [91]. The primary moti-

vation for microbial population control is to improve the yields of desired products

in bio-manufacturing [92].

Quorum sensing has been successfully employed to enhance product yield,

such as in the production of the flavonoid naringenin, where overall yield was in-

creased by 60% [93]. Another example coupled quorum sensing with cell lysis,

allowing E. coli to produce the enzyme required for isopropanol synthesis in a re-

ceiver strain [94]. In contrast, metabolic flux regulation does not rely on quorum

sensing but instead depends on one strain utilising the metabolite output of another.

This approach has been demonstrated in pathway-independent genetic control mod-

ules, which rebalance metabolic networks to favor glycolytic flux entering engi-

neered pathways, thereby improving yields of myo-inositol, a key component for

mammalian cell function [95], and glucaric acid, which has applications in disease

treatment [96, 97]. The increased yields achieved through synthetic microbial com-

munities enhance economic feasibility and provide a more sustainable alternative to

conventional production methods [98].

Spatial segregation eliminates the need for engineering mutualism within mi-

crobial communities by physically separating strains to stabilise populations despite

differences in growth rates [99]. This approach has been used to enhance production

of complex metabolites, such as in a hydrogel-based co-culture where engineered

E. coli produced L-dopa, which was subsequently converted by engineered Saccha-

romyces cerevisiae into betaxanthins, an antioxidant with applications in the food

industry [100]. More broadly, efforts to control microbial populations aim to better

understand microbial community dynamics, enabling their replication for practi-

cal applications. One example involves a synthetic predator-prey system, where

the prey deactivates antibiotics targeting the predator while the predator produces

a bacteriocin against the prey. The stability of this system was further altered by

introducing an invader strain capable of killing both predator and prey [101].
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Other systems looking into controlling microbial populations for the purpose

of ensuring engineered microbes maintain their plasmids, have looked into Plasmid

Segregational Killing (PSK) systems. The Barnes group developed the following

systems with plasmid stabilising capabilites: axe/txe (toxin-antitoxin) system and

the bacteriocin Microcin V (MccV) system [102]. These systems work by the plas-

mid containing both a toxin and an antitoxin, therefore after plasmid segregation,

any cells that lose the plasmid no longer have the immunity to the toxin and are

therefore killed. This prevents bacterial cells who lose the plasmid from outcom-

peting plasmid-containing cells and maintains control over the engineered bacterial

cell population.

Beyond industrial applications, microbial population control has significant

potential in therapeutic development, particularly in microbiome engineering for

diseases with known microbial causative agents. eLBPs are gaining traction, as

demonstrated by an engineered Lactobacillus lactis strain that successfully de-

livered human interleukin-10 (IL-10) to the gut in a Phase I clinical trial [103].

However, the L. lactis strain was cleared from the body within two days of treat-

ment termination, highlighting a major challenge: engineered bacterial therapeutics

struggle to persist in their target environments due to competition with native mi-

crobes. A self-regulating microbial system capable of controlling its population

and interacting with surrounding microbes could overcome this limitation, offering

a more effective and long-lasting therapeutic strategy. Microbiome engineering also

presents an alternative treatment for diseases like colon cancer or recurrent C. dif-

ficile infection (CDI). However, transitory colonisation of probiotics reduces their

efficacy, as their benefits cease once they are no longer administered [104, 105].

Even well characterised microbes cannot overcome transitory colonisation and the

effects observed in mouse models of live bacterial therapeutics are rarely translated

in human subjects [106]. For example, well-characterised microbes, such as E. coli

Nissle, face limitations, with colonisation in mouse models ranging from 14 to 32

days depending on conditions [107, 108]. Furthermore, human colonisation is influ-

enced by person-specific, strain-specific, and region-specific competition pressures
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[109]. To address these challenges, the Barnes group developed the SPoCK 1 sys-

tem, a combination additive/subtractive microbiome therapy designed to overcome

the limitations of transitory colonisation and enhance therapeutic efficacy [87].

The SPoCK 1 system utilises bacteriocins to establish a dynamic win-lose cy-

cle that enables niche creation within a microbial community [87]. Initially, the

SPoCK 1 population decreases due to competitive exclusion, leading to lower lev-

els of quorum sensing molecules in the environment (Figure 1.2). This reduction

in quorum sensing molecules removes the inhibition of MccV production, allow-

ing MccV to kill competing bacteria. Since SPoCK 1 carries an immunity protein

(Cvi), it remains unaffected by MccV’s activity and gains a competitive advantage.

As the SPoCK 1 population grows, quorum sensing molecules accumulate, repress-

ing MccV production and removing the SPoCK 1 competitive edge. The competitor

strain population then recovers, and the cycle repeats again. In this way the SPoCK

1 system is able to maintain its population through niche creation while controlling

the microbial populations around it. However, the model that predicted the SPoCK 1

system produced multiple versions with some estimated to be more robust[87]. This

is important if the SPoCK system is to withstand changing environmental pressures,

such as those in the human gastrointestinal tract.

Unlike current probiotics, which are transient due to gastrointestinal hurdles

and competition from established microbial niches [110], a persistent live biothera-

peutic could remain in the host for the duration of treatment, reducing the need for

repeated dosing (a system such as the SPoCK 1 system). This is particularly rele-

vant given that patient adherence to long-term medications is approximately 25%

[111], and even multi-dose vaccine regimens, requiring only two to three doses, can

have suboptimal uptake, as low as 25% to 35% in certain age groups [112]. De-

veloping an engineered live biotherapeutic capable of sustained colonisation would

address these challenges, offering a more reliable and effective treatment option.
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A) Competitive 
exclusion

B) Low quorum 
sensing molecule 

level

D) High quorum 
sensing molecule 

level

C) Bacteriocin
killing

Engineered 
cell

Quorum sensing
molecule

Competitor 
cell

Bacteriocin

E) SPoCK 1 genetic circuits

PLtet-O-1

gfp cvaC cvi
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AHL

tetRluxRluxI

LuxI

Arabinose
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AraC

cvi
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Quorum sensing plasmid Bacteriocin producing plasmid

PLuxParaBAD

Figure 1.2: SPoCK 1 niche creation system
A) The engineered SPoCK 1 cell enters a new environment and is out competed. B)
There are no quorum sensing molecules to repress bacteriocin production. SPoCK
1 produces bacteriocin. C) The bacteriocin kills the competitor strains, SPoCK 1
is protected by immunity. D) The levels of quorum sensing molecule produced by
SPoCK 1 have increased and now repress bacteriocin production. SPoCK 1 loses
its competitive advantage and is out competed once more. The cycle then begins
again. E) The genetic circuits of the two plasmids used in the SPoCK 1 system in
SBOL format. This figure is adapted from Fedorec et al, 2021 [87].



1.5. Biocontainment and kill switches 37

1.5 Biocontainment and kill switches

Biocontainment refers to preventing engineered bacteria from colonising undesired

areas of the human body or escaping from defined geographical locations [113].

One approach for achieving this is to use non-commensal organisms as engineered

strains. However, this strategy necessitates regular administration of the treatment,

as non-commensal strains are typically outcompeted, a phenomenon observed with

currently available probiotics [114]. Alternatively, commensal strains can be engi-

neered to address this limitation. For example, one study engineered a commensal

Enterococcus faecalis (E. faecalis) strain with a pPD1 defective conjugation plas-

mid expressing a bacteriocin. These engineered E. faecalis strains successfully out-

competed native E. faecalis strains and engineered E. faecalis lacking the pPD1

plasmid. In mouse models, the engineered strains effectively removed vancomycin-

resistant E. faecalis from the intestine [86]. Using a microbe that naturally occupies

the target niche avoids issues related to bacterial competition and minimises disrup-

tion to other microbial communities [86].

Kill switches are another key mechanism for biocontainment, enabling con-

trolled shutdown of engineered bacteria [115]. Current kill switch designs encom-

pass a variety of strategies. Metabolic auxotrophs, such as those used in the IL-10

L. lactis treatment, rely on external supplementation for survival [103]. Other ex-

amples include the ‘Deadman’ kill switch, which produces toxins to kill the host

cell in the absence of a survival signal, with a fail-safe activated by IPTG addi-

tion [116], and the ‘Passcode’ Kill Switch, which requires complex inputs for cell

survival [116]. Another example of a kill switch is where toxin production is trig-

gered in response to low pH, this switch is enhanced with a counter mechanism that

activates only after detecting low pH twice, increasing its robustness [117]. Aux-

otrophy based kill switches, including those employing non-canonical amino acids

for survival, have gained popularity. By coupling essential enzymatic functions to

non-canonical amino acids, engineered strains are unable to survive without them.

However, this approach requires extensive genome editing, making it less practical

for large-scale production [118]
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Lysis circuits have been widely applied across various fields, including bac-

terial population management, kill switches for engineered strains, and delivery

platforms. For example, a programmed lysis circuit (PLS) combines the PelB se-

cretion peptide with (Figure 1.3) the cytotoxic protein colicin M (ColM) [119] (Fig-

ure 1.3A). This system employs a protease-trigger mechanism to regulate ColM

degradation via TEVp, preventing premature entry into the periplasmic space. A

protease-based regulatory switch with action and repression arms ensures delayed

lysis, optimising the timing for product release. The PLS system has enabled

metabolic division of labor (DOL), facilitating cell lysis after fermentation to release

intracellular products such as poly(lactate-co-3-hydroxybutyrate) (PLH), which can

then be used by other strains for production [119].

Another example is the synchronised lysis circuit (SLC), designed to regulate

bacterial populations and enable drug delivery [120]. This system uses coupled

positive and negative feedback loops to achieve oscillatory dynamics (Figure 1.3B).

The quorum-sensing molecule AHL acts as a trigger, activating lysis once a thresh-

old concentration is reached. Engineered in Salmonella Typhimurium (SL1344),

this circuit was coupled with the anti-tumour toxin hemolysin E, demonstrating ef-

ficacy against HeLa cervical cancer cells in microfluidic models. When tested in

colorectal tumours in mice, pulsatile bacterial population dynamics facilitated tar-

geted therapeutic release without preloading drugs or requiring secretion machinery

[120]. Further development included coupling the SLC with a nanobody antagonist

of CD47, which is overexpressed in many cancers. In lymphoma mouse models,

this system led to tumour shrinkage and regression after a single injection by main-

taining a controlled bacterial population at the tumour site [121].

The SLC was also adapted into S. Typhimurium and E .coli to create ’ortholy-

sis’ circuits, which maintain stable co-cultures of metabolically competitive strains

in microfluidic devices. This approach eliminated the need for external inputs to

trigger lysis, offering potential beyond drug delivery by maintaining population

equilibrium [122]. In another application, lysis circuits were used to transfer DNA

from E. coli to Bacillus subtillus, a preferred host for synthetic biology. This in-
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Figure 1.3: Current lysis circuits found in literature
A) The programmed lysis circuit (PLS). The PLS system uses the cytotoxic protein
ColM to lyse open host cells. A protease trigger mechanism acts as the timer for
the cell lysis, coupled with a protease based regulatory switch that ensures delayed
lysis. B) The synchronised lysis circuit (SLC) uses the quorum-sensing molecule,
AHL, as a trigger for cell lysis. The coupled positive and negative feedback loops
create the oscillatory dynamics. C) The DNA transfer lysis system, uses cell lysis
of E. coli to transfer a bacterial artificial chromosome (BAC) into the preferred host
for protein expression, B. subtilis. D) Lysis systems have been used as vaccine
delivery vehicles. Tested in turbot fish the system activates lysis in iron-depleted
environments, releasing the vectored vaccine containing the A. hydrophila GAPDH
protein, protective against infection by A. hydrophila.
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volved utilising the φX174E lysis toxin to transfer a bacterial artificial chromosome

(BAC) DNA (Figure 1.3C) and plasmid DNA, bridging the gap between tools as-

sembled in E. coli and their use in B. subtilis [123].

Lysis circuits have also been harnessed for tumor-targeted therapy. One group

engineered a probiotic E. coli Nissle (EcN) system to produce and release nanobod-

ies, such as immune checkpoint inhibitors targeting PD-L1 and CTLA-4, at tumour

sites. Controlled by the pLux promoter, the lysis circuit limited the engineered strain

to the tumour site and enabled sustained therapeutic delivery in lymphoma and col-

orectal cancer models [124]. Another example involved an iron-regulated promoter

(pviuB) controlling the φX174E lysis gene in E.coli BL21(DE3). This system in-

duced lysis in low-iron environments and was used to develop a vectored vaccine

targeting Aeromonas hydrophila (A. hydrophila) (Figure 1.3D). Testing in turbot

fish, an important food source [125], demonstrated its effectiveness in preventing

infection and mortality [126].

Additionally, a Salmonella mRNA interferase regulation vector (SIRV) sys-

tem was designed to induce self-lysis and release foreign antigens, activating the

cGAS-STING immune pathway. To build this system required three chromosomal

mutations in Salmonella and a plasmid carrying the desired antigen genes. To in-

duce lysis this system utilised MazF, an mRNA interferase that regulates membrane

damage, to trigger lysis and antigen release, showing promising results in mice and

human cell lines for immune activation [127].

These examples highlight the versatility of engineered lysis circuits in appli-

cations ranging from drug delivery and pathogen control to tumour treatment and

immune modulation. Despite these advances, there are no lysis circuits currently

designed to deliver bacteriocins as cargo or target human oncogenic pathogens at

tumour micro-environments. Using lysis circuits for bacteriocin delivery eliminates

the need for specific export machinery tailored to each bacteriocin, offering a flex-

ible and efficient solution. Thus, this study aimed to construct a simple inducible

lysis circuit that can be easily adapted to deliver various bacteriocin cargos to ther-

apeutically relevant sites.
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1.6 Thesis objectives
In the interest of designing an engineered Live Bacterial Therapeutic (eLBT) with

the potential to remain in vivo and target selected oncogenic bacteria, this work first

looked at upgrading a previous system of microbial population control [87]. This

was followed by a screening of bacteriocins to target the onco-pathogens, before

combining the bacteriocin expression and bacteriocin delivery mechanisms. Lastly,

public attitudes towards microbiome engineering and engineered live bacterial ther-

apeutics were assessed.

Aim: To construct an engineered live bacterial therapeutic, designed to selec-

tively kill oncogenic pathogens within colorectal cancer.

1. Objective 1: Design and construct the microbial population control system

to deliver bacteriocins targeted to onco-pathogens. This will be achieved

through modification of the microbial population control system, SPoCK.

2. Objective 2: Identify bacteriocins that can specifically target the onco-

pathogens in colorectal cancer. This will be achieved through access to the

PARAGEN bacteriocin library in collaboration with the industry partner, Syn-

gulon.

3. Objective 3: Develop a kill switch bio-containment system to successfully

deliver and destroy the engineered live bacteria. This will be achieved through

combining bacteriocin expression and lysis in the MoClo format.

4. Objective 4: Assess and identify the public’s attitudes towards engineered

live bacterial therapeutics, to ensure acceptance of any such developed tech-

nologies in cancer treatment. This will be achieved through a public engage-

ment survey.
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2.1 Bacterial strains & plasmids

2.1.1 Bacterial strains

Table 2.1: Table of bacterial strains used in this work.

Chapter Ref. Bacterial Strains Characteristics

SPoCK Strains

Escherichia coli

3, 5 NEB DH5α NEB chemically competent strain

3, 5 BW25113 Wild Type (Keio parent strain, LacZ

K/O)

3 JW3910 Methionine auxotroph

5 BL21 (DE3) T7 Expression Strain, deficient in pro-

teases Lon and OmpT and resistant to

phage T1 (fhuA2)

3, 5 JW2142 Keio collection CirA K/O

(∆cirA782::kan)

3 DH5α::PreCeKo SPoCK Version 1.1 plasmid

3 JW 6343 01 SPoCK Version 1 system

3 JW pMPES-AF01 SPoCK Version 1 plasmid

3 DH5α::pMPES KAO01 SPoCK Version 2 plasmid

3 JW 6343 KAO01 SPoCK Version 2 system
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Chapter Ref. Bacterial Strains Characteristics

3 JW2142::CeKo-ExpA SPoCK Version 2.1 plasmid

3 JW2 6343 CeKoExpA SPoCK Version 2.1 system

3 JW3 6343 CeKoExpA SPoCK Version 2.1 system

3 BW2 6343 CeKoExpA SPoCK Version 2.1 system

3 JW2142::pKAO02 SPoCK Version 3 plasmid

3 JW2142::pKAO02,

pKAO052

SPoCK Version 3 system

3 JW 471 JW3910 with a streptomycin resistance

plasmid

3 JW 637 JW3910 with a gentamicin resistance

plasmid

Bacteriocin Screens

4 Fusobacterium nuclea-

tum subsp. nucleatum

Knorr

ATCC 25586

4 Lactococcus lactis

subsp. lactis

IL1403

4 Bacteroides fragilis ATCC 25185

4 Enterococcus faecalis DSM 25700

4 Enterococcus faecium NCTC 12202
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Chapter Ref. Bacterial Strains Characteristics

Lysis systems

5 B21 IPTG IPTG inducible circuit, in BL21(DE3),

with the pAF06 plasmid

5 Lysara Arabinose inducible lysis circuit, in

BW25113, with the Lysara plasmid

5 Lysara:A53 Arabinose inducible lysis circuit and

the pUC57-T7-AureocinA53 plasmid in

BL21(DE3)

5 Lysara:BactA Arabinose inducible lysis circuit and

the pUC57-T7-BactofencinA plasmid in

BL21(DE3)

5 Lysara:mccV Arabinose inducible lysis circuit and the

p15a MccV plasmid in DH5 α .
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2.1.2 Bacterial plasmids

Table 2.2: Table of bacterial strains used in this work.

Chapter Ref. Bacterial Plasmids Characteristics

SPoCK Plasmids

3 p63 AF043 Quorum sensing plasmid , used in

SPoCK 1, 1.1, 2, 2.1

3 pMPES:AF01 SPoCK Version 1 plasmid

3 pre-CeKo SpoCK Version 1.1 plasmid, Version 1 +

SsrA tag

3 pMPES:KAO01 SPoCK Version 2 plasmid

3 CeKo1-ExpA SPoCK Version 2.1 strain,cvi+SsrA

3 pKAO02 SPoCK Version 3 plasmid

3 pKAO052 Quorum sensing plasmid forSPoCK 3

system

3 pLac101-amp-CirA plasmid containing the cirA receptor

3 pSEVA471 Streptomycin resistance

3 pSEVA637 Gentimicin resistance

Lysara Plasmids

5 pBADmTagBFB2 ParaBAD promoter PCR amplified from

this plasmid

5 pAF06 IPTG inducible lysis circuit
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Chapter Ref. Bacterial Plasmids Characteristics

5 Lysara KAO07 Lysara arabinose inducible lysis circuit

with kanamycin resistance

5 Lysara ampicillin Lysara arabinose inducible lysis circuit

with ampicillin resistance

5 pUC57-T7-

AureocinA53

IPTG inducible Bactofencin A expres-

sion plasmid, with kanmycin resistance

5 pUC57-T7-

BactofencinA

IPTG inducible Bactofencin A expres-

sion plasmid, with kanmycin resistance

5 pUC57-T7-garML-S32-

Npu

IPTG inducible Bactofencin A expres-

sion plasmid, with kanmycin resistance

5 A53 TU EF Aureocin A53 expression plasmid made

with MoClo [128]

5 A53 noscars TU EF2 Aureocin A53 expression plasmid made

with MoClo, without the scar sites be-

tween DNA parts[128]

5 garML Npu TU EF GarvicinML expression plasmid made

with MoClo [128]

5 mccVCvi TU EF Microcin V and immunity expression

plasmid made with MoClo [128]

5 p15a MccV Microcin V and immunity with GFP ex-

pression plasmid
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2.1.3 Bacterial culture

The strains were grown in their respective mediums with relevant antibiotics were

required at the following working conditions in table2.3. F. nucleatum and B. frag-

ilis were cultured in anearobic conditions, CO2, H2, N2. L. lactis, E. coli E. faecalis

and E. faecium were cultured in aerobic conditions, in 5% CO2. All strains were

cultured at 37◦C, except L. lactis which was cultured at 30◦C . Bacteria were kept

in glycerol stocks and maintained at −70◦C.

Table 2.3: Table of antibiotics and their working concentrations used in this work.

Antibiotic Working Concentration (µg/ml)

Ampicillin 100

Chloramphenicol 25

Gentamicin 20

Kanamycin 50

Streptomycin 50
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Table 2.4: Media used for Bacterial Growth

Bacterial Species Media Name Ingredients

Fusobacterium

nucleatum

&

Bacteroides

fragilis

BACTEC
BD BACTEC M Lytic

Anaerobic medium

Fastidious Anaero-

bic Broth (FAB)

Peptone 15.0 g/L, Yeast extract 10.0 g/L,

Sodium thioglycollate 0.5 g/L,Sodium

chloride 2.5 g/L, L-cysteine HCI 0.5 g/L,

Resazurin 0.001 g/L, Sodium bicarbon-

ate0.4 g/L, Haemin 0.005 g/L, Vitamin K

0.0005 g/L (EO labs)

Brucella Blood

Agar (BRU) & Sup-

plemented broth

Anaerobesystems Pancreatic Digest of

Casein 10.00g, Soy Peptone 3.00g, Meat

Peptone 10.00g, Dextrose 1.00g, Yeast

Extract 2.00g, Sodium Chloride 5.00g,

Sodium Bisulfite 0.10g, L-Tryptophan

0.20g, Calcium Lactate 0.50g, Sodium

Acetate 0.50g, Ascorbic Acid 0.10g,

Hemin (0.1% solution) 5.00 mL, Vi-

tamin K1 (1.0% solution) 1.00 mL, L-

Cystine 0.40g, Sodium Hydroxide (4.0%

solution) 4.00 mL, Agar 15.00g, Sheep

Blood 45.50 mL, DI Water 1.00 L

Lactococcus

lactis
GM17

GM17 broth (Sigma), Agar (Sigma),

0.5% glucose
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Bacterial Species Media Name Ingredients

Escherichia

coli
LB

200 mL diH2O, 4g LB Broth (Sigma),

3g Agar (Sigma)1

M9 0.4% glycerol, 0.2% casamino, 0.4mg/ml

thiamine, 0.002M/ 2mM MgSO4,

0.0001M / 0.1mM CaCl2, 1 X M9 salts

acids

1Where making liquid broth, the ingredients are the same without the agar.
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2.2 Plasmid creation

2.2.1 Polymerase Chain Reaction (PCR)

For the polymerase chain reactions (PCR) to construct the plasmids in this work the

Q5 High-Fidelity DNA Polymerase system (M0491S, NEB)[129] was used. The

PCR were performed in 25 µL volumes containing 1 µL of template DNA, 1×Q5

Reaction Buffer with 2 mM MgCl2, 200 µM dNTP mix, 1×Q5 High GC Enhancer,

0.5 µM forward or reverse primer, 0.02 U/µL Q5 High-Fidelity DNA polymerase,

nuclease free water makes the reaction mix up to 25 µL. Thermocycling conditions

included an initial denaturation at 98 °C for 30 seconds, denaturation at 98 °C for 10

s, annealing at required temperature (°C) for 30 s and extension at 72 °C for required

length of time (varied for different PCR products), all three steps were repeated for

a total of 30 cycles followed by a final 2 minute extension (not-tailored) at 72 °C.

The reaction was ended by cooling at 10 °C to reduce condensation in the tubes.

2.2.2 Modular Cloning (MoClo)

Below is the list of MoClo parts used for plasmid construction in this work, along-

side the plasmids they were used to construct. The reaction settings for the MoClo

reaction are in table 2.6.

Table 2.5: Table of MoClo parts used to construct the plasmids

Plasmid Part Name Notes

IPTG

inducible

plasmid

Vector DVK AE (Kanamycin) Level 1 Vector

backbone

Promoter pT7 (p18m)
Controls transcription of T7 RNA

polymerase, induced by IPTG

Ribosome Bind-

ing Site (RBS)

B0033m BC RBS was chosen
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Plasmid Part Name Notes

Coding se-

quence (CDS)

φX174E (φX174E) gene for phage lysis

protein

Terminator L3S2P21 Modified L3S2P21 Termina-

tor synthetic Voigt Terminator

(T18m from CIDAR Ext.)

Lysara,

arabinose

inducible

plasmid

Vector DVK AE or

DVA AE

Kanamycin and Ampicillin

Level 1 Vector backbone

Promoter paraBAD Layer control araC regulatory

gene in the opposite direction

Ribosome Bind-

ing Site (RBS)

BCD8 BC RBS library was used:

B0032m BC, B0033m BC,

B0034m BC, BCD12 BC,

BCD2 BC, BCD8 BC

Coding se-

quence (CDS)

φX174E (φX174E) gene for phage lysis

protein

Terminator L3S2P21 Modified L3S2P21 Termina-

tor synthetic Voigt Terminator

(T18m from CIDAR Ext.)

A53 TU EF

Vector DVK AE Kanamycin Level 1 Vector back-

bone

Promoter J23106 Middle strength Anderson pro-

moter

Ribosome Bind-

ing Site (RBS)

BCD12 BC

Coding se-

quence (CDS)

aucA Coding gene for aureocin A53

bacteriocin
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Plasmid Part Name Notes

Terminator B0015 MoClo part terminator

garML Npu

TU EF

Vector DVK AE Kanamycin Level 1 Vector back-

bone

Promoter J23106 Middle strength Anderson pro-

moter

Ribosome Bind-

ing Site (RBS)

BCD12 BC

Coding se-

quence (CDS)

Npu NpuIc, garvicin ML and NpuIn

Terminator B0015 MoClo part terminator

MccV TU EF

Vector DVK AE Kanamycin Level 1 Vector back-

bone

Promoter J23106 Middle strength Anderson pro-

moter

Ribosome Bind-

ing Site (RBS)

BCD12 BC

Coding se-

quence (CDS)

CvaC and

MccV

MccV and Cvi

Terminator B0015 MoClo part terminator

Another plas-

mid

Vector DVK AE (Kanamycin) Level 2 Vector

backbone

Another plas-

mid

Promoter PlacUV5

(p19m)

Alternative promoter for

inducible expression
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2.2.3 SPoCK 2

Cultures of E. coli (MG1655) containing the SPoCK 1 plasmid (pMPES AF01)

in LB media, with relevant antibiotics, were grown overnight for 16 hours. The

plasmid pMPES AF01 (14920 bp) was mini-prepped following manufacturer’s in-

structions (Monarch, NEB). PCR was used to amplify two sections of the plasmid,

pMPES AF01, primers with 20 bp pairs of homology between the two fragments

are displayed in table (pMPES 001 F, and pMPES 003 F, italics are the over-

hangs). All PCR primers are listed in table (A.1). Dpn1 restriction digest (NEB)

was used to remove any methylated DNA still present from the two PCR amplicons.

Hi-Fi DNA assembly (NEB) was used to assemble the two amplicons resulting in

the SPoCK2 plasmid, pMPES KAO01. Plasmid pMPES KAO01 was transformed

into E. coli NEB 5-alpha via heat shock. Plasmids were checked for correct size by

colony PCR and correct sequence by Sanger sequencing.

2.2.4 SPoCK 1.1

SPoCK 1.1 was constructed via PCR to amplify the mini-prepped plasmid pM-

PES AF01, creating a vector (primers p.cvi.gBlock.F, cvi qPCR7 R). PCR clean-

up (NEB) and Dpn1 restriction digest (NEB) was used to remove any methylated

DNA still present from the PCR amplicons. Hi-Fi DNA assembly (NEB) was used

to assemble this vector and the g-block (IDT), cvi SsrA M2 gBlOCK.2 resulting in

the SPoCK 1.1 plasmid, pre-CeKo. Plasmid pre-Ceko was transformed into E. coli

NEB 5-alpha via heat shock. Plasmids were checked for correct size by colony PCR

and correct sequence by Sanger sequencing.

2.2.5 SPoCK 2.1

Degradation tags were added to the immunity gene cvi to increase the degradation of

the immunity protein Cvi (B.1). SPoCK 2.1 was constructed via PCR to amplify the

mini-prepped plasmid pMPES AF01, creating 2 halves with overhangs (primers,

pMPES 001 F, cvi qPCR7 R, pMPES 004 R, p.cvi.gBlock.F) compatible with the

g-block (IDT), cvi SsrA M2 gBlOCK.2: TCTCTGCATTAATGTCTGCAATAT
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GTTACTTTGTTGGTGATAATTATTATTCAATATCCGATAAGATAAAAAG

GAGATCATATGAGAACTCTGACTCTAAAAGGCCTGCAGCAAACGACGA

AAACTACGCTGCGAGCGTGTGAAGGTCCATGGTACGTACCCATAGATA

GGCGCCGTTATCGACTGGGCCTCATGGGCCTTCCGCTCACTGTAGATTA

atTAAACTGAAGCTTTCCACCATAATGCCAGCTACATATCCTGGTATTTT

TTTCCGATTATCTATAACTTGACGTGCAACGGAAATTTGCCGTTTAGCC

ACTTTACCGCTATTACCATGGCTACAATCAATCGTCCGAAAGTCACCA

GCctcctcccccctgccgtcatccgtgcatcagatatgcactgagtatg (2.2.5). PCR clean-up (NEB)

and Dpn1 restriction digest (NEB) was used to remove any methylated DNA still

present from the PCR amplicon. Hi-Fi DNA assembly (NEB) was used to assemble

the three parts. Resulting in the SPoCK 2.1 plasmid, CeKo-ExpA. Plasmid Ceko-

ExpA was transformed into E. coli JW2142 via electroporation. Plasmids were

checked for correct size by colony PCR and correct sequence by Sanger sequencing.

To create the RepA and MazE versions of SPoCK 2.1 the same primers as

above were used to amplify the two halves of the plasmid, pMPES AF01, two g-

blocks with degradation tags RepA, MazE attached to cvi were ordered B.1. They

were assembled as above and checked via colony PCR and sanger sequencing.

2.2.6 SPoCK 3

SPoCK 3 was constructed by creating two new plasmids. The first plasmid,

pKAO02 was constructed by removing the inducible immunity gene cvi via

PCR from the pMPES KAO01 plasmid with the following primers, SPock2.2 1F,

SPock2.2 1R, SPock2.2 2 F, SPock2.2 2R. A gel extraction kit (NEB) was used

to isolate the expected PCR amplicon based on size followed by a Dpn1 restriction

digest (NEB) to remove any methylated DNA still present from the two PCR ampli-

cons. Plasmid pKAO02 was transformed into E. coli JW2142 via electroporation.

The second plasmid was attempted to be constructed by PCR to 1) amplify the

required vector from the miniprepped plasmid p63 AF043 and 2) amplify the gene

insert, CirA from the pLac101-amp-CirA plasmid. The aim was to have created

a quorum sensing plasmid capable of producing the CirA receptor in response to
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arabinose, pKAO052. The plasmid pKAO052 was transformed into E. coli JW2142

via electroporation. However, this was plasmid was not able to be built.

Plasmids were checked for correct size by colony PCR and correct sequence

by Sanger sequencing.

2.2.7 p15a MccV

In order to create a lysis system that can release a bacteriocin a MccV plasmid with

no export machinery was created. The p15a mccV plasmid was created via PCR

to amplify the mini-prepped plasmid pMPES AF01, creating a vector (primers in

table:A.1). PCR clean-up (NEB) and Dpn1 restriction digest (NEB) was used to

remove any methylated DNA still present from the PCR amplicons. Hi-Fi DNA

assembly (NEB) was used to assemble this plasmid. The plasmid, p15a mccV was

transformed into E. coli JW2142 and JW3910 via electroporation. Plasmids were

checked for correct size by colony PCR and correct sequence by Sanger sequencing.

2.2.8 MoClo plasmids

All plasmids that were constructed with MoClo parts are listed in the following

table:2.5. In the MoClo reactions all parts were adjusted to 20 fmol/µL with the

total reaction mix, 10 µL (table 2.6). The IPTG inducible lysis circuit was con-

structed using MoClo parts available in the kit [128], it was first transformed into

NEB DH5α , then transformed into BL21(DE3) the T7 expression strain. The arabi-

nose inducible lysis circuit, Lysara was constructed using MoClo [128], and finally

transformed into E. coli BW25113. The level 0 promoter part, paraBAD was am-

plified via PCR from the pBADmTagBFB2 plasmid, to include the araC gene, for

tighter promoter control. See table 2.5 for level 1 transcriptional unit parts, includ-

ing the options in the ribosome binding sequence library (RBS).

For the garvicinML bacteriocin expressing MoClo plasmid, the coding se-

quence part was obtained as G-block part GGTCTCAAATGatgattaaaattgcgaccc

gcaaatatctgggcaaacagaacgtgtatgatattggcgtggaacgctatcataactttgcgctgaaaaacggctttatt

gcgagcaactcaggagcttttactgcagctgggggaattatggcactcattaaaaaatatgctcaaaagaaattatgga

aacagcttattgctgcattagtcgcgactggaatggctgcaggtgtagcaaaaactattgttaatgccgttagtgctggt
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atggatattgccactgctttatcattgttctgcctgagctatgataccgaaattctgaccgtggaatatggcattctgccga

ttggcaaaattgtggaaaaacgcattgaatgcaccgtgtatagcgtggataacaacggcaacatttatacccagccgg

tggcgcagtggcatgatcgcggcgaacaggaagtgtttgaatattgcctggaagatggctgcctgattcgcgcgacc

aaagatcataaatttatgaccgtggatggccagatgatgccgattgatgaaatttttgaacgcgaactggatctgatgcg

cgtggataacctgccgaactag. The other parts are from the standard or extension MoClo

kits.

Table 2.6: Table of reagents required for the MoClo reaction with the protocol used on the
Thermocycler (Bio-Rad).

MoClo Reaction
DNA Part 20 fmol/ µL
T4 Ligase buffer (Promega)
T4 Ligase HC (Promega – 20U)
BsaI HF v2 OR 1 µL BbsI-HF
H2O

Extended MoClo Program
25 cycles of:
37°C for 1min30s
16°C for 3 min.
Followed by:
50°C for 5 min
80°C for 10 min
12°C extended hold
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2.2.9 Heat shock

For the plasmids that were transformed into NEB DH5-α (NEB) cells, they were

transformed via heat shock.The following protocol was used, 2 µL of plasmid were

used for 50 µL cells. Cells were placed on ice for 30 minutes, heat shock for 30

seconds at 42°C, cells immediately put on ice for 5 minutes. 950 µL SOC or LB

media was added to a final volume of 1 mL as recovery media. Cells were in-

cubated at 37°C for 1 hour. Cells were mixed by inversion and plated in several

dilutions onto pre-warmed plates containing required antibiotics. Plates were in-

cubated overnight at 37°C. For the moclo parts, blue/white screening assissted in

colony selection. Followed by colony PCR that confirmed the size of the plasmids,

successful plasmids were sent for sanger sequencing.

2.2.10 Electroporation

Plasmids that needed to be put into different strains or were unable to be transformed

via heat shock were electroporated. For the full SPoCK systems there was a dual-

transformation of the bacteriocin expressing and the quorum sensing plasmids.

Electrocompotent cells were made on the day following a protocol described

by Datsenko & Wanner [130, 131]. 50 µL of cells were mixed with 1 µL of each

plasmid (total plasmid DNA in mix was 2 µL). The plasmids were transformed into

specified strains via electroporation into 1 mL cuvettes (MicroPulser, Bio-Rad).

Recovery was 1 hour at 37°C in a shaking incubator in 1 mL warm SOC media (no

antibiotics). Any other transformations using electroporation for this work were

carried out the same way.

2.2.11 Colony PCR

For the polymerase chain reactions (PCR) to check the transformed colonies in this

work the OneTaq QuickLoad system (M0486, NEB)[132] was used. The PCR were

performed in 10 µL volumes containing 1 colony or 1 µLl of template DNA (pos-

itive controls), 1X OneTaq Quick-Load 2X Master Mix with Standard Buffer con-

taining; 20 mM Tris-HCl, 1X Tartrazine, 25 units/ml OneTaq® DNA Polymerase,
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22 mM KCl, 22 mM NH4Cl, 1.8 mM MgCl2, 5% Glycerol, 0.06% IGEPAL®

CA-630, 0.05% Tween® 20, 0.2 mM dNTPs, 1X Xylene Cyanol, 0.2 µM forward

or reverse primer, nuclease free water makes the reaction mix up to 10 µL. Ther-

mocycling conditions included an initial denaturation at 94 °C for 10 minutes, de-

naturation at 94 °C for 30 seconds, annealing at required temperature (°C) for 30

seconds and extension at 68 °C for required length of time (1 minute per kb), all

three steps were repeated for a total of 25 cycles followed by a final 5 min exten-

sion (not-tailored) at 68 °C. The reaction was ended by cooling at 10 °C to reduce

condensation in the tubes.

2.2.12 Agarose gel

Where required a 0.8% or 1% agarose gel (Sigma), depending on the expected prod-

uct size, was run with the PCR products. The Q5 High-Fidelity DNA Polymerase

products required 1X Gel Loading Dye Purple (NEB). For the OneTaq QuickLoad

2X Master mix with Standard Buffer products no additional loading dye was re-

quired. Made with 1X TAE buffer (tris acetate EDTA, Severn Biotech Ltd.), Gel-

green nucleic acid stain (10,000X in DMSO, Biotium). The gel was run at 70 V for

45 minutes. For smaller fragments in this work a 1% agarose gel was used for the

larger fragments 0.8% agarose gel was used.

2.2.13 Plasmid homology

To explore the genomic relationships between a plasmid and a reference genome,

we developed a computational pipeline that integrates sequence alignment using

BLAST and circular visualization through pyCirclize. The plasmid and genome se-

quences, provided as FASTA files, were processed to extract nucleotide sequences

and determine their respective lengths. A BLAST database of the genome was con-

structed using the makeblastdb function from the BLAST+ suite, enabling efficient

querying of the genome. The plasmid sequence was aligned to the genome using

blastn, with alignment results exported in tabular format for subsequent analysis.

The output was parsed into a structured DataFrame containing key alignment de-
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tails, including start and end positions, percentage identity, and alignment lengths.

A circular visualisation of the alignments was generated using pyCirclize. The

genome and plasmid were represented as circular sectors, with the plasmid scaled

to enhance visual clarity. Genomic positions were annotated with axis ticks and

labeled in megabases (Mb). Alignment links were plotted between the sectors to

represent regions of homology identified by BLAST, connecting the correspond-

ing loci on the plasmid and genome. The circular plot was exported as a PDF for

visualization, and the processed alignment data were saved as a CSV file for fur-

ther analysis. This approach provides a clear graphical representation of plasmid-

genome relationships, facilitating the identification of homologous regions and their

potential biological significance.

2.3 Killing Assays

2.3.1 SPoCK 2: lawn killing validation assays

Grew overnight cultures of a MccV sensitive strain (JW 471), a positive control

(JW pMPES-AF01) that only contains the SPoCK 1 plasmid, and the SPoCK2

strain (JW 6343 KAO01) all grown in relevant antibiotics in LB media. The strep-

tomycin MccV sensitive strain (JW 471) was selected because we cannot be sure

there are no SPoCK cells in the supernatant added to the bacterial lawn. To ensure

that SPoCK cells could not grow we add streptomycin to the lawn media, which

SPoCK does not have antibiotic resistance for, preventing any cells left in the su-

pernatant from growing.

Overnight cultures were diluted 1:40 and left to grow for 4h, after which the

cultures were centrifuged (1 minute at 13,000 rpm) and the supernatant removed,

not disturbing the pellet of cells. The supernatant was put into clean 1.5 mL mi-

crocentrifuge tubes. To create the lawn, a water bath was set to 50°C. 1% and

0.5% LB agar (Sigma) were microwaved (until molten) and then placed in the wa-

ter bath to cool to 50°C for 1 hour. The plate was made in two layers each 20 mL,

the bottom layer contained 1.5% LB agar with streptomycin (1:1000). This was
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then poured into a Onewell plate (Greiner bio-one) and allowed to dry. The top

layer was made with 0.5% LB agar, with streptomycin (1:1000) and sensitive strain

(JW 471, 1:100) added before being poured. Adding the bacteria to the media en-

sures a smooth lawn of bacterial growth. A mould for wells (made with PCR tubes

fixed to a plastic frame) was placed onto the poured media and removed after the

plate had dried. The respective supernatant was pipetted into the designated wells.

Supernatant from SPoCK 2 were added to the wells with each volume in duplicate

starting with 1 µL and ending with 15 µl of supernatant added. The controls were

in singlets with 8 µL, 10 µL, 15 µL of supernatant added. The plate was left at

37°C overnight (18 hours) and imaged (iBright1500, Invitrogen by Thermo Fisher

Scientific) the following morning.

2.3.2 SPoCK 2.1: lawn killing validation assays

Grew overnight cultures of MccV sensitive strains, JW3910, BW25113 along with

the MccV insensitive strain, JW2142 and strains containing the SPoCK 2.1 system,

JW2 6343 CeKoExpA, JW3 6343 CeKoExpA, BW2 6343 CeKoExpA in LB me-

dia with relevant antibiotics and 0.2% glucose to dampen the pLux promoter con-

trolling TetR. The overnight cultures were diluted 1:100 and left to grow for 4h,

after which the cultures were centrifuged for 10 minutes at 4.4. rpm. The bacte-

rial cells were resuspended in phosphate buffer (oxoid) and adjusted to OD600nm

0.1. The plate was made with one layer containing 1.5% LB agar, 0.2% glucose

and MccV sensitive strains JW3910, BW25113, and insensitive strains, JW2142

(1:100) respectively. The lawn was allowed to dry before 1 µL drops of the MccV-

producing strains were pipetted onto the lawn. The plate was left at 37°C overnight

(18 hours) and imaged (iBright1500, Invitrogen by Thermo Fisher Scientific) the

following morning.

2.3.3 SPoCK 3: lawn killing validation assays

Grew transformant colonies, of JW2142::pKAO02 (bacteriocin producing plasmid

only) in LB media with chloramphenicol for 4h. The plate was made from two
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layers. The bottom layer was 20 mL 1.5% LB agar, the top layer was 0.5% LB

agar, with MccV-sensitive strain, BW2113 (1:10) grown overnight. The lawn was

allowed to dry before 2 µL drops of the 10 transformant colonies and BW25113

negative controls were pipetted onto the lawn. The plate was left at 37°C overnight

(18 hours) and imaged (Iphone 6) the following morning.

2.3.4 AHL lawn killing validation assays: SPoCK 2.1

Grew overnight cultures of MccV sensitive strains, JW3910, BW25113 along with

the MccV insensitive strain, JW2142 and strains containing the SPoCK 2.1 sys-

tem, JW2 6343 CeKoExpA, JW3 6343 CeKoExpA, BW2 6343 CeKoExpA split

into AHL and no-AHL groups. All strains were grown in LB media with relevant

antibiotics and 0.2% glucose to dampen the pLux promoter controlling TetR and

10 µM AHL for the AHL groups. The overnight cultures were diluted 1:100 and

left to grow for 4h, after which the cultures were centrifuged for 10 minutes at 4.4.

rpm. The bacterial cells were resuspended in phosphate buffer (oxoid) and adjusted

to OD600nm 0.1. The plates were made with one layer containing 1.5% LB agar,

0.2% glucose, 10 µM AHL and MccV sensitive strains JW3910, BW25113, and

insensitive strains, JW2142 (1:100) respectively. Control plates with no AHL were

made the same as above minus AHL. The lawn was allowed to dry before 1 µL

drops of the MccV- producing strains were pipetted onto the lawn. The plate was

left at 37°C overnight (18 hours) and imaged (iBright1500, Invitrogen by Thermo

Fisher Scientific) the following morning.

2.3.5 Pair colony drop assays

Grew overnight cultures of a sensitive strain (JW 471), a positive control

(JW pMPES-AF01) that only contains SPoCK 1 plasmid, and the SPoCK 2 strain

(JW 6343 KAO01) all grown in relevant antibiotics in LB media. Overnight cul-

tures were diluted 1:1000 and pipette into a 96-well plate (greiner bio-one) with

relevant antibiotics. The iDot (Dispendix) was used to dispense the required vol-

umes of the AHL inducer into the appropriate wells and the plate was sealed with
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a Breathe-Easy membrane (Sigma-Aldrich). The plate was placed in a plate reader

(Tecan Spark) and grown for 6h at 37°C with continuous double orbital shaking

(2mm, 150 rpm). Measurements of absorbance (600 nm and 700 nm) were taken to

check the cultures growth was normal. To prepare the plate for overnight incuba-

tion, a water bath was set to 50°C and 1% LB agar (Sigma) were microwaved (until

molten) and then placed in the water bath to cool to 50°C for 1 hour. Once cooled

to 50°C a serial dilution of 1% LB agar and AHL was set up, matching the AHL

concentrations dispensed by the iDot. The LB agar and AHL mixes were pipetted

into separate wells of a 6-well plate (ThermoScientific, Denmark) using a stripette.

After the 6 hour incubation, 1 µL drops of each culture were pipetted onto the LB

agar wells with the colony pairs pipetted next to each other but not touching. Plates

were left to dry before being put in the incubator at 37°C overnight.

2.3.6 Pizza colony counting assay

The whole bacterial cell contents from one well per condition from a 96 microtitre

plate (greiner bio-one) were diluted by serial dilution up to 10−7. Dilutions were

thoroughly mixed by vortex before use. 5 µL was pipetted from each condition and

each dilution along a grid on a 1.5% LB agar plate supplemented with 0.2% glucose

were required. The plate was left to dry before being put in the incubator at 37°C

overnight. The following morning the colonies inside each drop were counted. The

plots were made using RStudio.

2.3.7 Microscopy

MccV-sensitive (JW3910), and both SPoCK1 and SPoCK2 strains were grown

overnight. Co-cultures were set up by diluting overnight cultures to the same start-

ing OD600 0.1 and then mixing together the pairs being tested in equal volumes.

Cultures were incubated at 37°C for 6h with shaking. At 6h the co-cultures were

centrifuged and resuspended in phosphate buffer (oxoid) at 10x the original culture

volume. The co-cultures were then stained with propidium iodide (LIVE/DEAD

BacLight Bacterial Viability Kit, Thermo Scientific, Rockford, IL, United States).
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Microscope slides were prepared by making 1.5% agarose gel pads. 500 µL of

1.5% agarose were pipetted onto glass slides (Academy) and a 20 x 20 mm cover-

slip (Academy) added. When dry the coverslip was removed and the agarose was

cut into 4 x 4mm squares. 5 µL of each experimental condition were pipetted onto

the agarose pads. A 1 minute wait to allow the bacteria to burrow before adding

the glass coverslip back and sealing with acrylic clear nail polish (Cutex). Sam-

ples were taken directly to the microscope (Olympus Widefield 1X81) and imaged

at 20x with differential interference contrast (DIC), and 100x with phase contrast.

Images were taken in the following channels; red for propidium iodide stain (ex =

490nm, em = 635 nm) and green for GFP fluorescence (ex = 480 nm, em = 500nm).

Images were captured with the micromanager software (opensource) and edited in

Fiji. Brightness was adjusted for DIC and phase images. Fluorescence signals were

adjusted with “Auto” function for brightness/contrast in the channels tool [133].

2.3.8 Live / Dead Screening

The live/dead cell assay was performed using the LIVE/DEAD BacLight Bacte-

rial Viability kit (Thermo Scientific, USA). In brief, E. faecalis were inoculated

from glycerol stocks and grown in BHI media for approximately 18 hours at 37◦C

with shaking. Cultures were then diluted 1:20 and left to grow to an OD700 of

0.4. Cells were then split into 1 ml aliquots for each condition. For the ‘none’,

‘EntA’ and ‘EntB’ treatment groups cultures were supplemented with either 0 or 4

µg/ml of the respective bacteriocin and incubated for a further hour. The ethanol

treated ‘negative’ control group was created as per the manufacturers instructions.

After the one hour incubation all cultures were centrifuged and washed twice with

PBS (Lonza, Belgium). The washed cells were then resuspended in PBS at 10x the

original culture volume. Diluted cultures were supplemented with the SYTO-9 and

propidium iodide dyes at a final ratio of 2:1 up to a total concentration of 3 µl/ml.

Microscope slide agarose pads were prepared by adding 500 µl of 1.5% agarose

to clean slides, following the instructions given by Skinner et al (2013)[134]. Five

µl of culture from the selected treatment group was added to each agarose pad.

After one minute, the agarose pads were covered by clean cover slips and sealed
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with clear acrylic polish. The prepared samples were then imaged at 40x magni-

fication with an Olympus Widefield 1X81 microscope (Olympus, Japan). Images

were taken in the following channels; brightfield, TRITC (red) for propidium iodide

stain (ex = 535nm, em = 617nm) and FITC (green) for SYTO-9 stain (ex = 485nm,

em = 498nm), with a 50 ms exposure time. Images were collected and saved with

the opensource ‘Micro-Manager’ software in Fiji[133]. All image analysis was per-

formed in Fiji software. Collected images were first split into individual channels

and converted to 8-bit. The FITC and TRITC images were then manually thresh-

olded to identify the stained areas in the red and green channels. The thresholded

areas were then measured and the ratio of red:green stained areas used to estimate

the percentage of dead cells in each treatment group. Statistical analysis between

treatment groups was performed in R, using an unpaired t-test. A p-value of less

than 0.05 was deemed to show a significant difference between treatment groups.

2.4 Induction Assays

2.4.1 SPoCK 2: plate reader induction assays

Overnight cultures of the relevant strains SPoCK 1 (JW 6343 01), SPoCK2

(JW 6343 KAO01) and a sensitive strain (JW3910) were grown in M9 media. The

overnight cultures were diluted 1:1000 in fresh M9 media with relevant antibiotics

and grown for 2h at 37°C, with shaking. Diluted the cultures to OD700 of 0.1 with

fresh M9 media, containing relevant antibiotics. 120 µL of each bacterial culture

were added to their respective wells of a 96 microtitre plate (greiner bio-one). 125

µL of M9 media were added to the rows and columns at the end to mitigate against

the end row/column effect.

For the arabinose induction the same overnight cultures and conditions as

above, except the sensitive strain was JW 637 (gentamicin resistance). Cultures

were diluted, as above, to OD700nm of 0.1. Bacterial cultures at OD700nm of 0.1

were pipetted into the top row. Serial dilutions down the rows resulted in a 1000-

fold dilution of the starting concentration of cells. Pipetted 125 µL of M9 media
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into the rows, leaving the first-row empty. Pipetted 187.5 µL of cells in M9 media

into the first row. Mixed well with pipetting then removed 62.5 µL of M9 media

and cells and dispensed this into 125 µL M9 media in the next row in the series.

Repeated the steps above until the last row where the 62.5 µL were discarded into

the waste. The iDot was used to dispense arabinose and the plate was sealed with

a Breathe-Easy membrane (Sigma-Aldrich). Plate reader settings and analysis of

results were kept as outlined above.

2.4.2 SPoCK 2.1: plate reader induction assays

Overnight cultures of the relevant strains, SPoCK 2.1 system (JW2 6343 CeKoExpA,

JW3 6343 CeKoExpA, BW2 6343 CeKoExpA), sensitive strains (JW3910,

BW25113) and an insensitive strain (JW2142) were grown in LB media with

0.2% glucose and with/without 10 µM AHL. Diluted the cultures to OD700 of 0.1

with fresh LB media, containing relevant antibiotics and 0.2% glucose. 120 µL of

each bacterial culture were added to their respective wells of a 96 microtitre plate

(greiner bio-one). 125 µL of LB media were added to the rows and columns at the

end to mitigate against the end row/column effect.

For all Plate reader experiments the iDot (Dispendix) was used to dispense the

required volumes of the AHL inducer into the appropriate wells and the plates were

sealed with a Breathe-Easy membrane (Sigma-Aldrich). The plates were placed in

a plate reader (Tecan Spark) and grown for 24h at 37°C with continuous double

orbital shaking (2mm, 150 rpm). Measurements of absorbance (600 nm and 700

nm) and fluorescence (GFP: ex = 485 nm, em = 530 nm, mCherry: ex = 575 nm,

em = 620 nm) were taken every 20 minutes using Tecan Spark Control software.

The results were processed using the FlopR package [135]. Calibrated GFP (green

fluorescence) / OD measurements were converted into standard units of molecule

of equivalent fluorescein (MEFL). Plots for MEFL against increasing inducer levels

were made in Rstudio [136], using the ggplot2 [137] and dplyr packages [138].

Final figures were compiled in Adobe Illustrator (line colours and title positions).
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2.4.3 Lysara: plate reader induction assays

For the initial screening of the transformants the white colonies were resuspended

in 20 µL of LB and 1 µL of the Lysara colony suspension was pipetted into 124

µL LB in a 96 microtitre plate (greiner bio-one) in both 0.2% glucose and without

glucose. The plate was placed into the plate reader (Tecan Spark), allowing the

colonies to grow for 2h. At 2h the iDot (Dispendix) was used to dispense 10 mM

arabinose into each well. Colonies that lysed and remained dead until the end of the

experiment (24h) were stored as glycerol stocks for further characterisation.

For subsequent characterisation assays of the Lysara arabinose inducible lysis

system; the selected colonies were allowed to grow for 2h before addition of arabi-

nose, controls were uninduced E.coli NEB 5α with the Lysara circuit. Empty E.coli

NEB 5α was used as the negative control. Characterisation was conducted in both

M9 and LB media with 0.2% glucose, unless no glucose is stated.

The same experimental setup was used for the time induction characterisation

of Lysara the only difference being the arabinose was added at multiple timepoints.

For the characterisation of arabinose concentration the setup was the same except

arabinose concentrations differed and the time added remained the same.

2.5 Quantitative PCR (qPCR)

2.5.1 qPCR for gene expression

Quantitative real-time PCR (qPCR) was performed as in Hernandez-Miranda paper

80 by Dr William Andrews at the central molecular laboratory in the Cell and De-

velopmental Biology department, UCL. Total RNA was extracted from E. coli using

the QIAGEN RNeasy Plus kit (USA). For the SPoCK 2 samples, cells that were har-

vested after 4 hour and 6 hour treatment with different concentrations of AHL. For

the bacteriocin expression plasmids, engineered cells were grown for 4 hours, for

the IPTG-incubile cells 0.5 mM IPTG was added after cells had reached OD600nm

0.4-0.5, then cells were left for 2-3 hours before being harvested for RNA extraction.

RNA was treated with DNaseI to remove any remaining trace amounts of DNA.
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cDNA was generated with 25 ng of RNA using the QIAGEN Whole Transcriptome

Amplification kit, as described in the manufacturer’s protocol. Primers for qPCR

are in table 3. The qPCR was performed using Sybr Green reagent (Merck) on a

Bio-Rad CFX96 Real-Time PCR Detector System (Bio-Rad). PCR conditions were

94°C for 2 min, followed by 40 three-step cycles of 94°C, 15 s; 60°C, 30 s; 72°C, 30

s. rrsA was used for endogenous reference gene controls. Each primer set amplified

a single PCR product of predicted size, as determined by melt-curve analysis, after

PCR and had approximately equal amplification efficiency when validated using a

serial dilution of representative cDNA. Each qPCR was performed in triplicate, and

relative quantification was determined according to the ∆∆Ct method [139, 140]. A

Mann-Whitney test was selected for statistical analysis because the sample size was

small, and the data non-parametric.

2.6 Bacteriocin: synthesis, expression & screening

2.6.1 Bacteriocin selection

The methods used to identify the bacteriocins that can effectively kill F. nucleatum

and B. fragilis. No bacteriocin genes were identified in a search of the F. nucleatum

ATCC 25886 genome. Therefore, the search for bacteriocin genes was expanded to

the bacterial genomes of bacteria commonly isolated with F. nucleatum, this yielded

approximately 700 suspected bacteriocin genes. A further search of a bacteiocin

databse, BactiBase identified a further two possible bacteriocins, predicted to tar-

get F. nucleatum were identified, Subtilosin A and Subtilosin X both produced by

B. subtilis. Subtilosin A/X are both circular anti-microbial peptides, following on

from this discovery the circular peptides from Syngulons PARAGEN collection [1]

were added to the bacteriocin screen.

2.6.2 Bacteriocin synthesis

The chemically synthesised bacteriocins were produced at Syngulon and form part

of the PARGAEN 1.0 collection [1]. These chemically synthesised bacteriocins
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were put into vectors with T7 promoters/terminators, the recombinant vector ampli-

fied in E. coli DH10B (Thermo Scientific™) to produce the template for cell-free

protein synthesis using the PURExpress in vitro protein synthesis kit (NEB) [1].

The in vivo produced bacteriocins were produced in E. coliDH10B and then the

supernatant filtered. Final concentration of these constructs was diluted to 1 ng/µl.

2.6.3 Bacteriocin expression

The IPTG-inducible bacteriocin expression plasmids, were grown in 10 mL LB

cultures overnight. The cultures were then diluted to OD600nm 0.1 in 500 mL LB.

Culutres were then induced with 0.5 mM IPTG once they had reached OFD600nm

0.4-0.5. The cultures were left for 2-3 hours then centrifuged at 8,000g for 15 min-

utes. The supernatant was discarded and the cells re-suspended in 20 mL sonication

buffer , samples were then left in -80 , until further use.

2.6.4 Bacteriocin screening assays

Bacterial cultures of F. nucleatum were grown for 72 hours in liquid media

(Columbia blood media). Cells were diluted 1/10 into TA7 agar, without antibi-

otics and poured into One well plates (Thermo Scientific™) or pre-made columbia

blood agar. Plates were left to dry in the Biosafety Level 2 cabinet for 10 minutes.

Once dry 2 µL of each bacteriocin to be tested were drop pipetted onto the lawn.

Plates were left to dry and then placed into the anearobic chamber for culturing.

For the controls, overnight cultures of E. coli and L. lactis were used. E. coli as

the control for microcins and colicins, L. lactis as a control for the circular anti-

microbial peptides. LB and MG17 agar one well plates were prepared. Then E. coli

and L. lactis cells were diluted 1/20 into TA7 agar, this layer was poured on top of

the LB and MG17 plates. Once dry 2 µL of each bacteriocin were drop pipetted

onto the lawns. Plates were left to dry and then placed in anaerobic conditions for

overnight culture at 37°C.

An alternative bacterial lawn method was tested. A 25 mL petri dish of

Columbia blood agar/Brucella agar was prepared. F. nucleatum and B. fragilis 48
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hour cultures were smeared on top of the dried agar using a sterile cotton bud. Bac-

teriocin drops were dispensed as above using a multichannel pipette. Plates were

left to dry and then placed in anaerobic conditions for overnight culture at 37°C.

For follow up screening and further work F. nucleatum and B. fragilis were

cultured as follows. Streaked from a glycerol stock on Fastidious anaerobic agar

(FAA) plates for 48 hours with and without 5% horse blood. Cultures were re-

streaked onto fresh plates for a further 24 hours. Bacteria were diluted to OD600

nm at 0.1 and re-suspended in 150 µL fastidious anaerobic broth (FAB) medium

which was spread onto a fresh plate. Plates were left for 5 minutes with the lid on to

dry, after which the bacterial suspension was re-spread and the plates left to dry with

the lid off. Once the plates were dry a sterile glass tube was used to punch 50 µL

wells into the prepared bacterial lawns. 50 µL of tested bacteriocins and controls

were placed into these wells. Plates were placed into the anaerobic chamber without

inversion for overnight culture at 37°C.

2.6.5 Bacteriocin screens: oCelloScope

Bacteria were cultured on agar plates in anaerobic conditions for 48 hours. The

bacterial strains to be tested were adjusted to a McFarland standard of 1 at 625

nm. This equates to approximately 3 x 108 cells / mL. The cells were then diluted

1/10, 1/100/ and 1/1000. There were 4 different media conditions tested for each

strain at each dilution. Either the bacteria were suspended in complete media (Bru-

cella/BACTEC) or suspended in the McFarland standard. The bacteria suspended

in the McFarland standard lack any media to grow so this had to be added. This

created a diluted media condition for both of the media types: Brucella/BACTEC.

In a biosafety level 2 cabinet the following were set up for each well in the multi-

well plate (96 wells), with all bacterial suspensions in triplicate: 180 µL bacterial

suspension at 1, 1/10, 1/00, 1/1000 in either McFarland/BACTEC/Brucella, 20 µL

BACTEC/Brucella media, 60 µL liquid paraffin.

The oCelloScope (BioSense Solutions, Farum Denmark) is an automated

brightfield optical microscope that uses measurements of pixels to calculate bacte-
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rial growth. The oCelloScope was set to record every 30 minutes for 18 hours. The

growth curves from the tested strains were analysed at the end of the experiment.

For B. fragilis the 1/100 dilution produced optimal growth curve patterns while

F. nucleatum grows slower, a 1/10 dilution or less would be better. This needs to

be confirmed. The McFarland standard with added BACTEC media worked best

regarding imaging and growth curves. The complete Brucella media was too dark.

The Segmentation and Extraction Surface Area (SESA) normalized algorithm

was used to obtain instrument derived growth values. This algorithm is object based

and identifies bacteria within a scan area based on contrast against the background,

and then calculates total bacterial surface area. This algorithm is less susceptible to

artefacts caused by media precipitation, as observed with our BACTEC media and

a selection of bacteriocins. Bacteria were inoculated onto fresh Brucella agar plates

from growing strains. They were grown in anaerobic conditions for 48 hours at

37◦C. The bacterial strains to be tested were adjusted to a McFarland standard of 1

at 625 nm. This equates to approximately 3 x 108 cells / mL. The bacterial cells were

then diluted 1/100. In a biosafety level 2 cabinet the following were set up for each

well in the multiwell plate (96 wells) with all bacterial suspensions in triplicate: 160

µL 1/100 bacterial suspension of McFarland standard 1, 20 µL BACTEC, 20 µL

bacteriocin (final concentration 100µg/mL), 60 µL liquid paraffin. The multiwell

plate was then placed in the oCellScope for static growth at 37◦C for 24 hours. The

liquid paraffin ensuring anaerobic conditions at all times.

2.6.6 Bacteriocin screens: Tecan Spark

For the initial growth tests of the bacterial strains to be tested they were adjusted to

a McFarland standard of 1 at 625 nm. This equates to approximately 3 x 108 cells

/ mL. The bacterial cells were then diluted 1/100 in PBS and BACTEC media. The

following were set up per well in a multiwell plate: 124 µL 1/100 bacterial suspen-

sion of McFarland standard 1, 14 µL bacteriocin (final concentration 100µg/mL),

60 µL liquid paraffin. Where a qPCR plate cover was used there was no liquid
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paraffin. For the subsequent growth experiments and then the bacteriocin screening

on the 5 short listed bacteriocins (Figures 4.1 and 4.4), the strains were adjusted

to OD 600nm at 0.1. The bacteriocins were added to the final concentrations ei-

ther 100µg/mL or 200µg/mL for B. fragilis or F. nucleatum respectively. For the

Aureocin A53 concentration curves serial dilutions to intermediate concentrations

diluted in molecular biology grade water (Corning) were created so that the fol-

lowing final concentrations were in the wells 200 µg/mL, 100 µg/mL, 50 µg/mL,

25 µg/mL, 12.5 µg/mL, 6.25 µg/mL, 3.12 µg/mL, 1.56 µg/mL, 0.78 µg/mL, 0.39

µg/mL, 0.19 µg/mL.

The multiwell plate was placed in a plate reader (Tecan Spark) and grown

for 24 hours at 37°C without continuous double orbital shaking for F. nucleatum

experiments and with the continuous double orbital shaking (2mm, 150 rpm) for

B. fragilis. Measurements of absorbance (600 nm and 700 nm) were taken every

20 minutes using Tecan Spark Control software. The results were processed using

the FlopR package [135]. Plots for Optical Density (OD) against time were made

in Rstudio [136], using the ggplot2 [137] and dplyr packages [138]. Where the

standard error of the mean was calculated the following equation was used with the

dplyr package:

SE =

√
∑(OD.se)2

n

Final figures were compiled in Adobe Illustrator (line colours and title positions).

2.7 Protein purification

2.7.1 Sonication

The cells requiring isopropyl-β -D-thiogalactoside (IPTG) induction were cultured

as 10 mL overnight , diluted into 500 mL adjusted to OD600nm 0.1. Then at OD

600nm 0.4-0.5 IPTG was added to a final concentration of 0.5 mM. For strains with

constitutive bacteriocin expression they were grown overnight in 10 mL, then di-

luted into 500 mL adjusted to OD600nm 0.1. All samples were collected when they

had reached ≈ OD600nm 1.0. The+ cells were pelleted by centrifugation at 8,000 g
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for 15 min at 4◦C. The cells were resuspended in 20 mL ice-cold 20 mM phosphate

buffer, pH 6.0 with 1 M NaCl, and lysed by sonication (5 cycles of 30 s at 75%

maximum intensity, with 30 s incubation in ice in between the cycles) in a 450 Dig-

ital Sonifier (Branson Ultrasonics, Connecticut, United States). The insoluble cell

debris was pelleted by centrifugation at 8,000 g, for 15 min at 4◦C. The sonicated

samples were then stored at -20◦C until further use.

2.7.2 Ammonium sulphate precipitation

E. coli cultures were pelleted by centrifugation at 3,400g for 10 minutes and su-

pernatants poured into 1L flasks containing stir bars. Ammonium sulphate salt was

then slowly added to each 200 mL sample to reach 70% saturation concentration at

4◦C. Samples were mixed by rotation at 4◦C overnight. The following day, proteins

were pelleted by centrifugation at 11,000g at 44◦C for 15 minutes. Supernatant was

removed, and the pelleted precipitate was resuspended in 1 mL sterile deionised

water and stored at -20◦C.
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Engineering bacteriocin delivery

systems

‘You must do the thing you think you cannot do.’

— Eleanor Roosevelt, 1960
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3.1 Introduction

3.1.1 Bacterial competition

One of the main challenges facing an engineered Live Bacterial Therapeutic (eLBT)

is competition from host microbes. Bacterial competition comes in both passive and

active forms. In passive competition the goal is to self-serve and not actively harm

competitors, a microbe uses up, or depletes, the supply of nutrients, indirectly harm-

ing the competitor. Whereas active competition, the goal of which is to eliminate a

competitor, causes deliberate harm, for example through the production of a toxin

[141, 142]. There are three ecologically stable long term outcomes of competition:

(1) one of the microbes wins and the other loses, (2) a metabolic niche is created

because the two strains use different resources, or (3) territorial niches are created

where each of the microbes keep to their own space (possible on solid structures

such as mucous membranes) [142]. These ecologically stable outcomes provide

potential solutions that the eLBTs could utilise to overcome the challenge of bac-

terial competition inside a host environment. Metabolic niches have been explored

with quorum sensing molecules manipulating the metabolism of bacterial popula-

tions in synthetic microbial communities, creating a metabolic niche [93, 97]. How-

ever, a metabolic niche is not always possible. An alternative system would utilise

a dynamic win-lose cycle as a competition outcome ultimately allowing the stable

colonisation of the host. This is the reasoning behind the Stabilised Population by

Community Killing (SPoCK) niche creation system, which uses bacteriocins com-

mon in bacterial genomes [143] to control the population of competitors to make a

space for itself through a win-lose cycle. Once established in its dynamic niche, the

SPoCK system can promote a healthy microbiome state by correcting perturbations

that result in disease [54].

3.1.2 SPoCK

Modelling from previous work suggested that in order to construct a more robust

system to withstand environmental pressures, the new SPoCK system would require

‘self-killing’ capability [87]. To produce this upgraded SPoCK system, multiple
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SPoCK systems were created (Figure 3.1) from the original SPoCK system, SPoCK

1 [87]. In SPoCK 1 cvi expression is constitutive, so SPoCK 1 is continually pro-

tected from MccV. Whereas, in SPoCK 2 cvi expression is under the control of the

quorum sensing molecule. High concentration of the quorum sensing molecule in

the SPoCK 2 system results in the inhibition of both the bacteriocin (MccV) and the

immunity (Cvi). This leaves SPoCK 2 vulnerable to ‘self-killing’. In the SPoCK

1.1 system a degradation tag has been added to the cvi under the repressible promot-

ers control, however the system still contains constitutive immunity and is expected

to behave as SPoCK 1. The SPoCK 2.1 system is an improvement on SPoCK 2,

whereby the degradation tag has been added to the cvi under the repressible pro-

moters control, with no constitutive immunity in this system the system is expected

to show signs of ‘self-killing’ as the immunity should be removed in the presence

of the quorum sensing molecule. The SPoCK 3 system is an alternative way of con-

trolling ‘immunity’ to the bacteriocin. In this system all immunity was removed and

the CirA receptor that MccV requires to bind to a susceptible cell, was placed un-

der an inducible promoter, in the presence of the quorum sensing molecule the Cir

receptor is produced and the cells are susceptible to MccV we should observe the

‘self-killing’. The SPoCK systems are designed to regulate their own populations

as well as those of competitors around them. SPoCK 2, SPoCK 2.1 and SPoCK

3 directly regulates themselves, through self-killing. All systems are regulated by

competitive exclusion when MccV production is inhibited.

It is sometimes desirable to tune synthetic circuits beyond the stage of tran-

scription. A popular method of altering the dynamics of translated proteins in a

system is to modify them with a degradation tag. The most well studied, and ar-

guably the most popular, is the small stable RNA A (SsrA) tag. In native systems

the SsrA tag is an 11 residue sequence that is added by the transfer-messenger RNA

(tmRNA), to the C-terminal of peptides that are trapped in stalled ribosomes dur-

ing translation [144]. The SsrA tag signals these peptides for degradation by cy-

toplasmic proteases including ClpXP, ClpAP and Lon [145, 146] and requires the

assistance of adapter proteins e.g. SspB [147].
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Figure 3.1: Genetic circuits in SBOL visual format of the SPoCK systems
Genetic circuits in the synthetic biology open langauge (SBOL) format of the
SPoCK systems created in this work, except SPoCK 1 system which is from previ-
ous work by Alex Fedorec [87]. In SPoCK 1 and SPoCK 1.1 there is constitutive
immunity, cvi expression, denoted by the reverse arrow. All other circuits are un-
der controllable promoters. Acyl homoserine lactone (AHL), the quorum sensing
molecule represses the promoter, pLtetO. Whereas, the pLux promoter in the SPoCK
3 system is induced by the presence of AHL. In all SPoCK systems, the immunity
is controlled by the Cvi protein, except SPoCK 3 where the immunity is controlled
by the presence/absence of the MccV susceptible receptor, CirA, on the host cells
surface.
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There are multiple variants of the native SsrA tag (AANDENYALAA), with

the C-terminal residues playing a role in the rate of degradation. The the Ala-

Ala being the most important part to recruit ClpXP [148]. Altering the three C-

terminal residues changes the rate of degradation, with fewer and further away ala-

nine residues reducing the rate of degradation [149]. SsrA tag variants have been

characterised in E. coli with tolerated, but not preferred residues such as Serine be-

ing incorporated alongside aspartic acid that reduces ClpXP and ClpAP degradation

[150, 151].

The degradation dynamics of a variety of protein degradation tags have been

studied using fluorescent reporter proteins as a marker of degradation efficiency

[152, 151]. The purpose of utilising the protein degradation tags in this work, was to

remove any lingering immunity protein from the engineered cell once its transcrip-

tion had been switched off. This work attempted to use a weaker version (ASV)

of the wild type SsrA tag (LAA), as well as the RepA and MazE protein degrada-

tion tags in an effort to control the degradation of the immunity protein, Cvi, in the

SPoCK 2.1 system.

Ultimately the goal of the SPoCK system is to act as a delivery system for bac-

teriocins that target specific bacteria in the cancer microbiomes. This work is part

of the umbrella of microbiome engineering. Theoretically, this chapter presents

upgraded systems, SPoCK 2, SPoCK 2.1, SPoCK 3, with highly controlled coloni-

sation and selective killing.
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3.2 Results

3.2.1 The SPoCK 2 plasmid is successfully created and able to

Kill MccV susceptible strains

The first step of the project was to create the plasmid that would be the bacteriocin

producing plasmid of the SPoCK 2 system (app. C). To create this, the two regions

from the SPoCK 1 plasmid were amplified via PCR (for primers see A.1) and then

assembled by HiFi DNA assembly. The constitutive immunity gene (cvi) and dead

space were removed to create a smaller SPoCK 2 plasmid 8,162 bp compared to

the parent plasmid, SPoCK 1, 14,290 bp. Figure 3.2A, shows the sequencing align-

ments for the SPoCK 2 plasmid compared to the original SPoCK 1 plasmid. The

junctions where the two amplified regions were assembled are correct for SPoCK2,

indicated by the solid red arrows. The sequences showed a lack of alignment to

the SPoCK1 plasmid which confirms that the constitutive immunity gene (cvi) and

dead spaces were successfully removed.

The next step was to confirm that the SPoCK 2 plasmid was able to produce

functional MccV, this was tested through lawn killing assays, SPoCK 2 supernatant

was added to lawns of MccV sensitive strains. We expected to see zones of killing

with the supernatant from SPoCK 1 (positive control) and SPoCK 2 (Figure 3.2B).

We expected no zones of killing with the supernatant from E. coli strain JW3910

(negative control). From Figure 3.2B it is observed that there are zones of killing

for both SPoCK 1 and SPoCK 2, and no zones for the negative control. A range of

volumes of supernatant were tested, and we observed zones of killing from 7 µL for

SPoCK 2. The zones of killing increase as the volume of supernatant from SPoCK

2 increases, until 13 µL. The zones of killing do not increase in size with increas-

ing volume after this point. Although it appears there are zones of killing below 7

µL, these zones were not clear, and following the principles of determining a mini-

mum inhibitory concentration (MIC) [153], only clear zones with no cloudiness to

indicate bacterial growth were counted as zones of killing.
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= Negative control: MccV sensitive strain (supernatant)
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= Positive control: MccV producing strain (supernatant)
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Figure 3.2: Successful creation of the SPoCK 2 plasmid that can kill MccV susceptible
strains

A) Sanger sequencing alignments visualised on SnapGene. For the SPoCK 2
alignment the filled red arrows indicate bases that align. The two regions sent
for sequencing were the ‘junctions’ created through joining the two sections. B)
Image of the lawn killing assay. Lawn was made with a MccV sensitive strain
JW3910 (E. coli). Supernatant from the incubation of JW3910 (MccV sensitive
strain), SPoCK1 and SPoCK2 were pipetted into the wells. The plate was incu-
bated overnight at 37°C and imaged the next morning. White bar is the supernatant
from the sensitive strain added to the wells (negative control), the black bar is the
supernatant from SPoCK1 added to the wells (positive control). The green bar is
the supernatant from SPoCK2 added to the wells with each volume in duplicate.
Numbers on wells are the volumes of supernatant pipetted into that well. Controls
are one replicate.
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3.2.2 Establishing the killing efficacy of SPoCK 2

To better understand the efficacy of SPoCK 2 killing of MccV sensitive cells, a mod-

ified version of the LIVE/DEAD staining assay was used. With this technique cells

were only stained with propidium iodide (PI), only the dead cells in the cultures

were stained red. SPoCK 2 contains the green fluorescent protein (GFP), therefore

would appear green. Whereas the MccV sensitive strain, would appear grey/black

as it has no intrinsic fluorescence and the SYTO-9 green dye was not used. In the

SPoCK 2 dead control, yellow/orange is expected as the cultures would express

GFP, green, and be stained in red (Figure 3.3A). Alive SPoCK 2 cells would appear

green, as they would only express GFP and not take up PI (Figure 3.3B). This con-

trol confirms that SPoCK 2 can be successfully stained when dead. In the SPoCK 2

monoculture there were red cells present, these were expected to be orange/yellow

as in the control (Figure 3.3A). As this was a monoculture all cells present must

be SPoCK 2 therefore, it is believed that in the time gap from staining to imaging

the GFP would have entered the supernatant, and therefore the GFP staining of the

SPoCK 2 cells is less bright compared to the PI staining, hence the observed red

rather than distinct orange of the dead control. In the co-cultures (Figure 3.3C) as

expected there are green cells, SPoCK 2, and black cells (MccV sensitive strain).

However, the red cells in this culture also express GFP, therefore they are dead

SPoCK 2 cells and not dead MccV sensitive cells. It was hoped that this assay

would shine some light on the efficacy of SPoCK 2 killing with MccV, however this

has not been possible due to the lack of killing observed with the staining.
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Figure 3.3: SPoCK 2 is successfully imaged, expressing GFP
A) SPoCK 2 dead control, incubated with 70% ethanol before staining. Cells appear
orange/yellow because of the GFP expression (green) and the dead cell stain pro-
pidium iodide (red). B) SPoCK 2 monoculture, red cells are SPoCK 2. All cells are
expressing GFP (green). C) SPoCK 2 co-cultured with the MccV sensitive strain.
Black cells are the MccV sensitive strain not expressing GFP. Red cells are the dead
SPoCK 2 cells as they also express GFP. D) Key denoting the fluorescent colours
we expected to see from this assay for each cell population and cell status (dead or
alive). Images are 100x composite images of cells, in phase contrast, green and red
channels, taken on Olympus Widefield.
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3.2.3 SPoCK 2 successfully responds to repressors

Moving on from determining the efficacy of SPoCK 2 killing, as we know it kills,

the next step was to determine whether the SPoCK 2 system could successfully

respond to the repressor, the quorum sensing molecule, Acyl homoserine lactone

(AHL). In this circuit, the presence of AHL switches off production of cvaC (bac-

teriocin) andcvi (immunity). Shown in Figure 3.4A, AHL induces the production

of the Tet repressor (TetR), which represses the pTet promoter. Using the reporter

protein GFP for cvaC expression, the expected observation was a decrease in fluo-

rescence of GFP, in both SPoCK systems as we increased the concentration of AHL.

There was not expected to be any change in the control strains (lacking SPoCK sys-

tem) (Figure 3.4B). The SPoCK systems behaved as expected, with an increasing

AHL concentration there was a decrease in GFP fluorescence, as expected there

was no change in the control strain. The SPoCK 2 strain behaved as was expected,

with decreasing GFP expression in the presence of increasing AHL concentrations,

confirming that the SPoCK 2 system responds to the repressor, AHL. The pattern

observed for the SPoCK 2 strain was observed in the positive control, SPoCK 1.

Repression of cvaC in SPoCK 1 has already been characterised and GFP expres-

sion confirmed a good marker for cvaC expression. This has not yet been done for

SPoCK 2.
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Figure 3.4: cvaC (bacteriocin) gene expression is inhibited in the presence of the re-
pressor, AHL, in the SPoCK 2 system.

A) diagrammatic representation of the mechanism of AHL repression on bacteri-
ocin (cvaC) and immunity (cvi) gene expression. In the presence of AHL, TetR
is expressed. TetR represses the pTet promoter controllingcvaC andcvi expression.
B) Graph shows the molecules of equivalent fluorescence (MEFL) with increasing
AHL concentrations at steady state. GFP is a marker of bacteriocin production.
The control strain (black), JW3910, contains no plasmids that can respond to AHL.
SPoCK1 (blue) acts as a positive control, already confirmed that AHL inhibitscvaC
expression. SPoCK2 is shown in green. AHL concentration increases left to right.
The graph is a snapshot of one time point, approximately steady state (4 hours).
The points are the median of triplicate data, and the shaded ribbons are the standard
error of the median.
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3.2.4 GFP is a good marker of MccV production in SPoCK 2

Whilst, in the SPoCK 1 system it is confirmed that GFP is a good marker for cvaC

expression and ultimately MccV prodcution, this had not yet been tested in the

SPoCK 2 system. Therefore, the next steps were to determine whether GFP was

a reliable reporter for MccV production in the SPoCK 2 system. SPoCK 2 was

cultured in AHL and the supernatant was pipetted onto a lawn of a MccV sensitive

strain (Figure 3.5). In the presence of high AHL concentrations, no killing is ex-

pected on the MccV-sensitive lawn. Conversely, at low or absent AHL levels, zones

of killing should appear on the MccV-sensitive lawn. Equally, no zone of killing

is expected from the negative control, a MccV sensitive strain, whereas, zones of

killing are expected for the MccV producing strain, SPoCK 1 the positive control

(Figure 3.5). In the presence of no AHL (0 µM) zones of killing were observed

(Figure 3.5), denoted by the dark ring around the well, as seen in for the positive

control. In contrast, in the presence of higher AHL concentrations (10 µM) no

zones of killing were observed. There was a clear AHL concentration dependent

size of killing zone. As the AHL concentration increased, the size of the killing

decreased. Overall, this AHL concentration dependent killing zone effect confirms

the results presented previously (Figure 3.5B), that GFP is a good reporter for the

expression and production of the MccV bacteriocin.

3.2.5 cvi is successfully repressed in SPoCK 2

Once it had been confirmed that the expression of the bacteriocin MccV was being

properly repressed in the presence of AHL, the next step was to determine whether

the production of immunity, Cvi, was also responding to AHL. A colony-drop assay

(see Methods 2.3.5) was used to determine whether the SPoCK 2 cells were suscep-

tible to MccV killing after AHL repression. If the production of imunity was being

successfully repressed, the SPoCK 2 cells cultured in AHL would be susceptible to

killing by MccV. It was expected that SPoCK 2 cells grown in high concentrations

of AHL would be killed by the MccV producing strain next to them as their immu-

nity would be switched off. Whereas, it was expected that the SPoCK 2 cells grown
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Figure 3.5: GFP is a good marker for MccV production
The strains were grown in different AHL concentrations, and the supernatant pipet-
ted into the wells. A) The zones of killing observed when the SPoCK 2 strain was
cultured in different AHL concentrations. B) The mean diameter (mm2) of the zone
of killing is represented by bars, the standard error of the mean is represented as
error bars. Increasing AHL concentrations result in smaller or no zones of killing
of the MccV sensitive strain. The AHL concentration increases from yellow, 0 µM,
to purple, 10 µM (left to right).

in no AHL or low concentrations would not be killed as their immunity would still

be produced. Additionally, it was expected that the two SPoCK 2 strains next to

each other cultured in 10 µM AHL would display evidence of self killing. The con-

trols worked as expected, with the MccV sensitive strain being killed by the MccV

producing strain this is observed by a crescent shaped colony of MccV sensitive

strain whereby the cells closest to the MccV producing colony had died (Figure

3.6). As this MccV sesitive strain contains no circuit to produce MccV, it does not

respond to AHL, and this is observed in the middle panel (Figure 3.6). The third

panel contains, SPoCK 2 and a MccV producing strain. There was no evidence of

SPoCK 2 killing in the 10 µM AHL group. Furthermore, there was no evidence of

SPoCK 2 ‘self-killing’ in the presence of AHL. This suggests that the immunity is

not being switched off as the circuit design intended.

In order to identify whether the immunity at the transcription level was being

repressed in the SPoCK 2 system, quantitative PCR (qPCR) analysis was conducted.
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Figure 3.6: No evidence of cvi inhibition in the presence of AHL
Strains were grown in 10 µM AHL and 0µM AHL. Then 1 µL colonies were pipet-
ted next to each other. The positive control (top panel) shows the MccV sensitive
strain being killed by the MccV producing strain. Negative control is two colonies
of the MccV sensitive strain next to each other (second panel). At 10 µM an addi-
tional control was added, two SPoCK2 colonies next to each other (bottom panel).

This is a direct measurement of gene expression and could identify whether the ge-

netic circuit was responding to AHL. If SPoCK 2 was behaving as expected then,

in the presence of AHL, there should be a reduction in in the expression of the cvi

andcvaC genes for immunity and bacteriocin production respectively. A diagram-

matic representation of what happens at the genetic level upon AHL addition is

shown in Figure 3.7A. The fold changes represent the difference in gene expression

when compared to the no AHL group. The fold changes for both cvi (yellow) and

cvaC (blue) are negative for all concentrations of AHL, which meant in the pres-

ence of AHL there was reduced expression of both cvi and cvaC as expected (Figure

3.7B). There was not much difference observed in the fold changes for 0.01 µM and
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0.3 µM AHL (Figure 3.7B) and this trend was the same for both cvi (yellow) and

cvaC (blue). Whereas, for 10 µM AHL fold changes approximately 10x larger are

observed when compared to the lower AHL concentrations. The bars represent the

average fold changes, the dots represent the individual measurements. The reduc-

tion in gene expression between 0.01 µM and 10 µM, and 0.3 µM and 10 µM,

are statistically significant. The p-values for concentrations compared to 10 µM for

both cvaC and cvi were statistically significant, the p-value was 0.0011. Whereas,

for 0.01 µM and 0.3 µM AHL for the cvaC gene, the p-value is p = 0.2424 and

for the cvi gene, the p-value is p = 0.0898. These are not statistically significant.

These results indicated that the SPoCK 2 circuit was successfully responding to the

repressor AHL.
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Figure 3.7: AHL represses the gene expression ofcvaC (bacteriocin) and cvi (immu-
nity)

A) Diagrammatic representation of the expected outcome of AHL repression on
gene transcription. AHL induces production of TetR, TetR represses the pTet pro-
moter repressing the expression of cvaC and cvi. B) The qPCR fold change data
relative to the control group, 0 µM AHL, and then normalised to the housekeeping
gene rrsA (16s rRNA). Average fold changes are shown by the bars, the individ-
ual measurements (sextuplicate) are shown by darker coloured dots. Fold changes
shown are negative compared to the control. Data is shown for mRNA extracted
after a 6 hour incubation with the relevant AHL concentration. The p-values are dis-
played on the graph with the relevant combinations, obtained from a Mann-Whitney
test.
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3.2.6 SPoCK 2 does not respond to an inducer

Once confirmed that the SPoCK 2 system responded to the repressor, AHL, confir-

mation was needed as to whether the SPoCK 2 system would respond to the inducer

arabinose (Figure 3.8A). This was tested through plate reader bacterial culture ex-

periments whereby arabinose was added to different starting cultures of SPoCK 2

cells. In this set up it is expected that both SPoCK 1 and the control strain (lacking

any SPoCK system) would be unaffected by the addition of the arabinose because

the control strain cannot respond and SPoCK 1 contains constitutive immunity. On

the other hand the SPoCK 2 system, when induced with arabinose would cease

production of the bacteriocin and immunity, having no constitutive immunity like

SPoCK 1, the SPoCK 2 cells would start to die from residual MccV (Figure 3.8B).

The decrease in optical density (OD) measurements for SPoCK 2 would have rep-

resented cell death and proved SPoCK 2 has ‘self-killing’ ability. This effect would

have been observed first in the lower density starting cultures, and the highest ara-

binose concentrations, as there would be more arabinose per bacterial cell in the

well. However, there were no growth differences observed between SPoCK 1, the

negative control or SPoCK 2 (Figure 3.8C). It appeared as though SPoCK 2 was

not responding to arabinose induction as it grew normally. Therefore, from these

assays there was no evidence that the SPoCK 2 system was responding as it had

been designed.
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Figure 3.8: SPoCK 2 system does not respond to the inducer, arabinose
A) Diagrammatic representation of the SPoCK 2 system. Addition of arabinose
would initiate production of AHL. AHL would switch off production ofcvaC (bac-
teriocin) andcvi (immunity) gene expression via production of TetR. B) Diagram
of the expected results. Expected to see a decline in growth of SPoCK 2 earliest
in the highest arabinose concentration and lowest initial cell density. No growth
effects on SPoCK 1 or the control. C) Arabinose has no effect on SPoCK 2. The
initial cell culture densities, increase panels left to right. The rows show the dif-
ferent arabinose concentrations, with increasing arabinose concentration down the
rows. Optical density as a measure of cell growth is on the Y axis, with time over a
24 hour period on the X axis. Key shown on diagram. The difference between the
lowest and highest cell densities is 1000-fold.
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3.2.7 Engineering immunity degradation

As the qPCR results confirmed that the SPoCK 2 system does respond to AHL

induction by switching off the production of immunity, it was hypothesised that

potentially the reason ‘self-killing’ was not observed was because the immunity

protein itself was still present. In E. coli bulk proteins can have half lives as long

as 70 hours, even proteins considered ‘abnormal’ have half lives of up to 1 hour

[154, 155]. Therefore, it is not unreasonable to assume that a protein, such as Cvi,

that offers immunity to a bacteriocin would have an extended half life. In order to

obtain that ‘self-killing’ functionality that promises to create a more robust micro-

bial population control system, the Cvi protein needs to be controlled at the protein

level. The most efficient way to remove the Cvi protein faster was to add a pro-

tein degradation tag like the SsrA C-terminal tags that are a part of the hosts own

protein degradation systems [149]. Currently, there are several mutants of the SsrA

tag available each with different rates of protein degradation. To mitigate against

selection pressures of the host cell to mutate, the weakest degradation tag was se-

lected to try first. Additionally, to further reduce the risk of burden on cells, all

circuits were transformed into a MccV non-susceptible cell, the CirA K/O strain

(JW2142). The first step was to add the chosen degradation tag (SsrA mutant), to

the cvi gene under the inducible promoters control. Through PCR two regions from

the SPoCK 1 bacteriocin expression plasmid were amplified and together with a

g-block (containing the SsrA tag) they were assembled into the SPoCK 2.1 plasmid

(8221 bp) (Appendix C). Figure 3.9A shows the correct sequencing alignments for

the junctions used to make this plasmid.

Further characterisation confirmed that the SPoCK 2.1 system, with both the

bacteriocin producing plasmid and the quorum sensing plasmid, could still produce

active MccV (Figure 3.9B). The SPoCK 2.1 system was transformed into three

E. coli strains, two MccV-susceptible (JW3910, BW25113) and one MccV non-

susceptible strain (JW2142). As expected, we see killing of the MccV-susceptible

cells and no killing of the MccV non-susceptible cells. MccV with no bacterial cells

was used as the positive control for MccV killing and the MccV susceptible lawn
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Figure 3.9: Construction of the SPoCK 2.1 system and successful killing
A) The SPoCK 2.1 plasmid map with the DNA alignment of the sanger sequencing
results. The SsrA tag (yellow) is successfully incorporated into the plasmid. B)
The lawns of MccV-susceptible (MccV-S) and MccV non-susceptible (MccV-NS)
strains of E. coli in the presence of AHL. C) MccV-S and MccV-NS in the absence
of AHL. D) alignment of the genome of SPoCK 2.1, can see that cirA has been re-
moved. This means that SPoCK 2.1 is immune to killing, it is inside strain JW3910
(E. coli).
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bacterial cells were used as a negative control of killing (Figure 3.9B).

The next steps were to check if the SPoCK 2.1 system was responsive to AHL,

before investigating if this system became MccV-susceptible. To test this, bacte-

rial lawns were constructed to observe the expected effects of the quorum sensing

molecule, AHL, on the SPoCK 2.1 system. In this setup, if SPoCK 2.1 is respond-

ing to AHL there should be no zones of killing because the addition of AHL would

have switched off the production of MccV. Thus rendering the SPoCK 2.1 system

incapable of killing MccV-susceptible strains. However, the SPoCK 2.1 system dis-

played zones of killing in the presence of AHL (Figure 3.9B). This suggested that

it was not responding to the repressor AHL. Further investigation revealed that the

genomic copy of the CirA receptor, the receptor that MccV requires to enter suscep-

tible cells and kill them, had mutated (Figure 3.9D). This meant that the SPoCK 2.1

system had become resistant to MccV and would never have been able to display

the ‘self-killing’ functionality being sought after.
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3.2.8 SPoCK 2.1 with degradation tags RepA, MazE was not

built

The explanation that perhaps the SsrA tag was too powerful at degrading the Cvi

protein, appeared plausible to explain the genomic mutation of the CirA receptor

in order for the bacterial cells to escape MccV killing in the absence of an immu-

nity protein upon AHL repression. As the weakest SsrA tag was attempted first and

resulted in mutational escape, other potential protein degradation tags were inves-

tigated. Both the RepA and MazE tags are recorded as weaker than the wild type

SsrA tag [151]. However, in this work it had proved impossible to assemble these

constructs (Figure 3.10).

RepA MazE + 
co

nt
ro

l
- c

on
tro

l

C)

B)A) SPoCK 2.1 + RepA

SPoCK 2.1 + MazE

Figure 3.10: SPoCK 2.1 with RepA and MazE were unsuccessful
A) Colony PCR products for the SPoCK 2.1 systmem with both RepA (818 bp) and
MazE (1022 bp) degradation tags added, expected product sizes are dashed lines.
0.8% agarose gel ran for 45 mins at 70V. Sanger sequencing alignments of the B)
RepA and C) MazE constructs.

3.2.9 SPoCK 1.1

It proved challenging to construct some of the SPoCK plasmids, and through the

process of creating the SPoCK 2.1 plasmid, the SPoCK 1.1 plasmid was made.

This system still contains the constitutive immunity (Figure 3.1) but the inducible

immunity, Cvi, now has an SsrA degradation tag. However, due to the presence of

constitutive immunity, this system should behave exactly the same as the original

SPoCK system. This plasmid was unable to be tested further due to the failed cor-

rect construction of the plasmid (Figure 3.11A). The region that contains the trans-
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port machinery, CvA and CvaB [156], required for the secretion of MccV from the

host cell is missing (Figure 3.11A). Alongside evidence that the SPoCK 1.1 plasmid

was not functional because there were no zones of killing on a MccV susceptible

lawn to suggest the presence of the bacteriocin MccV (Figure 3.11B).

A

B

Neg. control
+strain
–bacteriocin

Pos. control
+strain
+bacteriocin

Pos. control
–strain
+bacteriocin

SPoCK 1.1
+strain
+bacteriocin

Figure 3.11: Construction of the SPoCK 1.1 bacteriocin killing plasmid
A) The sanger sequencing alignments confirm the unsuccessful construction of the
SPoCK 1.1 plasmid. Missing sequences for export machinery required for the ex-
port of MccV. B) Lawns of MccV susceptible E. coli. The positive control strain
was the SPoCK 1 system.
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3.2.10 An alternative approach to modulate bacteriocin suscep-

tibility

As it had became clear controlling the immunity of the SPoCK systems through the

Cvi protein may be unattainable, an alternative method of controlling the immu-

nity of the system was employed. Inspired by the genomic mutation of the CirA

receptor in order for SPoCK 2.1 to escape MccV killing, the idea to capitalise on

this feature of MccV having only one receptor to kill susceptible cells was formed.

In this case rather than turning off immunity, the system would switch on suscep-

tibility. The immunity gene was removed from the AHL repressed circuit, creating

the SPoCK 3 bacteriocin producing plasmid (Figure 3.12A), and the cirA gene was

added to the quorum sensing plasmid under the control of AHL, although this was

not successfully built (Figure 3.12B). Together the two plasmids made the SPoCK 3

system. In the presence of AHL, the bacteriocin production would be switched off,

and production of the CirA receptor would be switched on, leading to the host cell

becoming susceptible to secreted MccV in the culture medium. The SPoCK 3 bac-

teriocin producing plasmid was successfully able to produce active MccV, killing

MccV-susceptible cells in a bacterial lawn (Figure 3.12B). The quorum sensing

plasmid containing cirA was not successfully built therefore, ultimately the SPoCK

3 system was unable to be built.
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Figure 3.12: SPoCK 3 bacteriocin producing plasmid
A) The sanger sequencing alignments of the SPoCK 3 bacteriocin producing plas-
mid. This plasmid has all immunity removed and was transformed into the E. coli
JW2142 K/O. B) The sanger sequencing alignments of the inserted cirA gene into
the quorum sensing plasmid. There was no alignment. C) The bacterial lawn of
E. coli BW25113, sensitive to MccV. The colonies are the negative control E. coli
JW3910, the positive control SPoCK 1 and SPoCK 3 E. coli JW2142 containing the
SPoCK 3 bacteriocin producing plasmid. The zones of inhibition, denote MccV ac-
tivity. Image taken on IPhone 13, edited in Adobe Illustrator, converted to greyscale
and colour balance set to 10% white.
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3.3 Discussion
The SPoCK systems in this work are summarised in Table 3.1. The SPoCK 2 system

was successfully constructed and shown to be repressed by AHL, as confirmed by

qPCR analysis (Figure 3.7). This demonstrated effective transcriptional regulation

of the cvi and cvaC genes, validating the foundational design of this SPoCK 2 sys-

tem. Furthermore, efforts were made to address the hypothesised issue of prolonged

Cvi protein activity due to its assumed long half-life. This included the SsrA degra-

dation tag successfully incorporated into the Cvi protein, creating the newer SPoCK

2.1 system. However, while these advancements represented important steps in this

work there were significant challenges that prevented the SPoCK 2 and then later,

SPoCK 2.1 and SPoCK3 systems from functioning as intended.

Table 3.1: Comparison of the SPoCK systems in this work.

SPoCK System Status Details

SPoCK 1 Complete Original system that was characterised [87]
SPoCK 1.1 Failed Could not build the bacteriocin (MccV) produc-

ing plasmid
SPoCK 2 Built There was no evidence of the desired self killing

function
SPoCK 2.1 Built The genomic copy of cirA was mutated render-

ing the cells immune to the desired self killing
SPoCK 3 Failed Could not build the quorum sensing plasmid

containing the CirA receptor, which was re-
quired for controlling the immunity within the
system

One major issue was the lack of self-killing functionality in the SPoCK 2 sys-

tem. Despite successful transcriptional repression of the cvi and cvaC genes, the

Cvi protein’s persistence within the cell appeared to continue conferring immunity

to MccV, thus preventing the expected ‘self-killing’ response. In SPoCK 2.1, the

addition of the SsrA degradation tag seemed to resolve this persistence issue, but

it is believed that the tag potentially degraded the Cvi protein too effectively, even

in the absence of AHL repression. This resulted in a loss of immunity, particularly

evident in engineered cells with mutated genomic cirA gene or lacking functional
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Table 3.2: Size comparison of degradation tags used compared to the original protein, Cvi.

Name Amino Acid length % of Cvi protein
Cvi 78
RepA 15 19
MazE 83 106
SsrA 13 16.7

MccV altogether.

An additional complication arose from the small size of the Cvi protein (78

amino acids). Structural predictions by Alphafold suggest that the protein has 2

alpha helical domains that fold over to be in close proximity, as well as 2 trans-

membrane domains [157]. It is likely the addition of a degradation tag could inter-

fere with any potential membrane integration and binding (Table 3.2). The addition

of an 11-amino-acid SsrA degradation tag may have disrupted proper folding or

membrane integration, rendering the protein non-functional. This structural inter-

ference likely explains why the system failed to retain immunity while simultane-

ously escaping through mutation. Attempts to incorporate alternative degradation

tags, such as MazE and RepA, were unsuccessful due to failures during Gibson

DNA assembly, as indicated by sequencing data (Figure 3.10). These issues under-

score the technical challenges faced in constructing functional plasmid systems that

involve bacteriocins and immunity that effect the host cell.

The limitations of the live/dead assay further complicated the evaluation of

system functionality. The inability to use the SYTO-9 dye (green) otherwise it

would be impossible to differentiate the cell populations apart due to the presence

of GFP (green) in the SPoCK 2 system, could have altered how the assay func-

tioned as SYTO-9 and PI are optimised together. Equally perhaps 6 hours was

not enough time for the MccV sensitive strains to be incubated with the SPoCK 2

strains. Up until this point all killing assays had been on solid media, potentially the

way MccV targets cells would differ in liquid media. Next steps to observe killing

by the SPoCK strains in liquid co-cultures could include flow cytometry time lapse

studies to try and capture the point at which MccV begins to kill sensitive strains as
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it was likely missed with the microscopy conducted here as a single time point. Ex-

tending the incubation times or adapting to the experiment to flow cytometry might

improve the reliability of these experiments.

This work contributes to the further development of microbial control systems,

building on the design and creation of the original SPoCK 1 system [87]. The

challenges encountered in this study are not unique, as designing systems capa-

ble of ‘self-killing’ in a living host is widely recognised as difficult. Currently,

achieving effective ‘self-killing’ functionality appears to require multiple layers of

regulation to prevent mutational escape, ensuring that the only escape mechanism

for the engineered strain is cell death [119, 120, 122]. Most systems employing

‘self-killing’ functionality use it as a form of biocontainment rather than as a core

component of their purpose. Such systems often rely on complex regulatory mech-

anisms, including genomic deletions of SOS response genes, multi-input circuits,

and modified CRISPR-Cas9 systems [158]. Systems more similar to SPoCK, such

as toxin-antitoxin systems [159], rely on a single regulatory layer where daugh-

ter cells lacking the plasmid are killed by toxins secreted by the population, while

those retaining the plasmid survive [102]. However, the purpose of such systems is

typically to prevent plasmid loss, whereas the goal of SPoCK is to robustly regu-

late its own population. The upgraded SPoCK systems were kept under antibiotic

pressures, so their ability to conduct plasmid segregational killing has not been char-

acterised in this work and is something that would need to be assessed if SPoCK

were to be used an eLBP.

Future work should focus on improving the assembly and incorporation of al-

ternative degradation tags, such as exploring variants of the SsrA tag with reduced

degradation activity [152]. Investigating the structural effects of degradation tags

on the Cvi protein through in vitro folding studies or computational modelling will

provide valuable insights into the observed loss of function. Additionally, optimis-

ing experimental approaches to evaluate system functionality, such as using flow

cytometry with alternative dyes, may offer more reliable and informative assess-

ments. Finally, further exploration of the dynamics between induction, repression,
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and degradation within the system is necessary to refine the balance between im-

munity and self-killing.



Chapter 4

Screening bacteriocins targeting the

cancer microbiome

‘None of us want to be in calm waters all our lives.’

— Jane Austen, Persuasion
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4.1 Introduction

4.1.1 Onocogenic pathogens

The gut microbiome, composed of bacteria, fungi, viruses, and phages, contains

more microbes than human cells and is often referred to as a ‘hidden metabolic

organ’ [160, 161]. It plays a crucial role in maintaining health and combating

pathogenic infections by influencing neural, endocrine, humoral, immunological,

and metabolic pathways [162]. However, dysbiosis of the microbiome has been

implicated in various human diseases, including type II diabetes and inflammatory

bowel disease [163]. Unsurprisingly, members of the gut microbiome have also

been associated with human cancers, particularly colorectal cancer [164].

Several microbes have been identified as significant contributors to the pro-

gression and prognosis of colorectal cancer. This work focuses on two key onco-

genic pathogens: Fusobacterium nucleatum (F. nucleatum), a known oral pathogen

[38], and Bacteroides fragilis (B. fragilis). Both are markers of poor prognosis in

colorectal cancer [165].

These oncogenic pathogens possess several mechanisms that enable them to

promote colorectal cancer. Evidence suggests that F. nucleatum can be intracel-

lular [166], although whether this occurs during early or late carcinogenesis re-

mains unclear. This intracellular nature is believed to contribute to genome in-

stability and mutation, as F. nucleatum has been linked to increased microsatellite

instability (short DNA repeat variations commonly observed in colorectal cancer).

[167, 168]. Additionally, F. nucleatum disrupts epithelial tight junctions [44] , pro-

moting epithelial-mesenchymal transition (EMT), a key step in cancer metastasis.

Furthermore, F. nucleatum has been linked to increased production of pro-

inflammatory cytokines [169] and microRNA-21, both of which promote cancer

cell growth and invasion [170]. F. nucleatum also secretes vesicles that induce

pro-inflammatory pathways and oxidative stress, leading to intestinal epithelial

cell death [45]. Additionally, it produces formate, a metabolite associated with

chemoresistance in lung cancer patients [46]. Formate production by F. nuclea-

tum is also linked to increased glutamine dependence in highly metastatic cancers
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and the initiation of a cancer stem cell-like state, which promotes tumour growth,

resistance to treatment, and tumour initiation [171].

The enterotoxigenic B. fragilis (EBf) is known for producing fragilysin, a toxin

that forms biofilms [42], facilitating the growth of other pathogens. However, even

non-enterotoxigenic strains of B. fragilis are associated with poor health outcomes.

These strains damage epithelial tight junctions, promoting EMT in cancer cells [47].

Additionally, B. fragilis induces inflammatory intestinal responses in inflammatory

bowel diseases, which are precursors to colorectal cancer [48]. Recent studies have

directly linked B. fragilis to colorectal cancer [172] and identified its role in in-

flammatory bowel diseases [42]. No significant differences in clinical outcomes

have been observed between enterotoxigenic and non-enterotoxigenic B. fragilis

strains [173]; therefore, it can be assumed that antimicrobial agents against a non-

enterotoxigenic strain of B. fragilis will serve as a model for both the enterotoxi-

genic and non-enterotoxigenic strains. As a result, the non-enterotoxigenic B. frag-

ilis will be used in this work.

The interaction between gut bacteria and chemotherapy agents, where gut bac-

teria interfere with chemotherapy has been well-documented [174]. Notably, F. nu-

cleatum has been implicated in promoting chemotherapy resistance [175, 176]. Sev-

eral gut bacteria can metabolise chemotherapy agents into inactive forms, such as

the conversion of gemcitabine into its inactive state, leading to chemotherapeutic

resistance. In a colon cancer mouse model, antibiotic treatment eliminated this

resistance [177]. Similar findings were observed in humans, except the effect of

adding antibiotics was dependent on the chemotherapeutic agent, where antibiotics

enhanced the efficacy of oxaliplatin but not irinotecan [178]. Pretreatment with an-

tibiotics targeting anaerobic bacteria improved disease-free survival by 25.5% in

some studies [179]. However, concurrent use of antibiotics during chemotherapy

has been linked to reduced 3-year disease-free survival rates, suggesting that gut

dysbiosis during treatment may increase the risk of cancer recurrence [180].

Based on the promising results from the aforementioned antibiotic trials, it is

hypothesised in this work that removing F. nucleatum from the colorectal tumour
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micro-environment could re-sensitise patients to chemotherapy and improve clin-

ical outcomes. However, despite advances in understanding the role of bacteria

in the tumour micro-environment, there is still no method to selectively eliminate

onco-pathogens. While antibiotics have demonstrated efficacy in improving patient

outcomes, alternative, targeted strategies are needed to selectively remove onco-

pathogens like F. nucleatum and B. fragilis from the tumour micro-environment.
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4.2 Results

4.2.1 Optimising the growth of F. nucleatum & B. fragilis

Both F. nucleatum and B. fragilis are obligate anaerobes, their growth in the labo-

ratory requires strict anaerobic conditions. The initial challenge was finding ways

to culture these anaerobic bacteria inside a plate reader so that optical density (OD)

measurements that correspond to bacterial growth could be obtained. This was im-

portant to measure any killing of screened bacteriocins in subsequent liquid culture

experiments. Two approaches to creating anaerobic conditions were tested; 1) seal-

ing the individual wells of bacterial cell culture with a layer of liquid paraffin oil,

2) sealing the whole plate with a transparent qPCR plate cover (Figure 4.1). In the

case of F. nucleatum smoother growth curves were obtained when the cultures were

grown with a qPCR plate seal (Figure 4.1A). However, noisier growth curves were

observed for B. fragilis with the qPCR plate cover compared to the paraffin oil seal

(Figure 4.1B) and faster growth was observed with the qPCR plate seal in B. frag-

ilis. Due to the logistical difficulties with applying liquid paraffin over applying a

qPCR plate cover, using a qPCR plate cover to maintain anaerobic conditions for

plate reader measurements was adopted for all future experiments.

During these initial growth experiments it was noted that F. nucleatum was

forming aggregates. F. nucleatum is known to often form aggregates and has high

auto co-aggregation compared to other species [181]. During these experiments

the co-aggregates formed by F. nucleatum could be seen by eye, which explained

the noisy readings taken with the plate reader. The co-aggregation in F. nucleatum

utilises the membrane adhesion protein, RadD. There are reports that this can be

blocked by lysine, which uses RadD as a receptor, thereby blocking co-aggregation

of F. nucleatum [182]. Lysine along with arginine [183] was added to the FAB me-

dia to see if it helped reduce the co-aggregation of F. nucleatum, as well as adding a

minimally defined medium as there were reports rich mediums (i.e. FAB) promote

aggregation (Figure 4.1C). No differences in growth curves were observed when

these amino acids were added to the medium, both isolated and as a pair. This is

likely because they are targeting pathways that F. nucleatum uses to co-aggregate
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with other species, promoting biofilm formation, not targeting the pathways respon-

sible for self-aggregation. No growth of F. nucleatum was observed when cultured

in minimally defined medium, EZ rich. Despite F. nucleatum being considered an

obligate anaerobe, it appears that it can be aerotolerant [184]. It is possible that

conditions inside the cover of the qPCR plate were not strictly anaerobic and this

lead to self-aggregation and biofilm formation in F. nucleatum. However, it should

be noted that B. fragilis is considered an anaerobic indicator strain and this grew

without issue under this experimental setup. Regardless, to improve the anaerobic

conditions subsequent experiments used autoclavable tape to seal the edges of the

qPCR plate cover, this has reduced the impact of aggregation but not removed the

effect entirely.
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Figure 4.1: Successfully cultivating obligate anaerobes for bacteriocin screening
A) F. nucleatum growth with paraffin oil and a qPCR plate cover to create anaerobic
conditions. B) B. fragilis growth with paraffin oil and qPCR plate cover to create
anaerobic conditions. Both of these are in the plate reader. C) the growth of F.
nucleatum with different supplements added. This was to try and reduce the auto-
aggregation of F. nucleatum during the experiments. Shaded areas are the standard
error of the median and the solid lines are the median of triplicate data points.
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4.2.2 Bacteriocins successfully kill F. nucleatum & B. fragilis in

solid media

Currently, there are few identified bacteriocins capable of effectively targeting F. nu-

cleatum. A literature search returns limited options and bacteriocin databases such

as Bactibase [185] suggest only one possibility: subtilosin. As a result, the initial

step in identifying suitable bacteriocins involved screening a wide range of bacte-

riocins. These synthetic bacteriocins were sourced from the PARAGEN collection

[1] provided by our industrial partner, Syngulon. The bacteriocins that formed the

initial screen are presented in Table 4.1.

Several bacteriocins successfully killed F. nucleatum, as evidenced by the ‘ha-

los’ or zones of killing (Figure 4.2) observed when the bacteriocins were applied

to F. nucleatum and B. fragilis lawns. Among these, Aureocin A53 (class IId) dis-

played high efficacy, effectively killing both F. nucleatum and B. fragilis (Figure

4.2A).

Another promising bacteriocin, Garvicin ML [186], was provided by Dr. Bor-

erro as supernatant collected from its native producer, Lactococcus garvieae. The

supernatant was tested on blood plates (growth medium agar supplemented with

blood) without a bacterial lawn (Figure 4.2C, top panel). While the unpurified su-

pernatant showed no signs of red blood cell lysis, fractions subjected to purification

steps displayed evidence of lysis. Specifically, the SF+ fraction, obtained after am-

monium sulphate precipitation followed by a cationic exchange column, showed a

zone of red blood cell lysis. This was further confirmed by the presence of erythro-

cyte ghosts. When red blood cells lyse they leave behind the empty protein scaffold

of the cell appearing ghost-like on a microscope [187] (Figure 4.2C, bottom panel).

Subsequent purification steps, including hydrophobic exchange chromatography,

also exhibited red blood cell lysis in fractions such as OE (hydrophobic exchange

column eluate) and OF+ (flowthrough from the hydrophobic interaction column).

These results suggest that the red blood cell lysis observed on blood lawns is likely

due to the presence of ammonium sulphate in the purified Garvicin ML fractions,

rather than the bacteriocin itself.
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Table 4.1: Table of the bacteriocins screened against the onco-pathogens, F. nucleatum and
B. fragilis. The bacteriocins come from the PARAGEN collection [1]. CSP -
chemically synthesised peptides and in vivo - peptides produced in vivo.

Bacteriocins Tested Produced by Synthesised

Acidocin LF221B Lactobacillus gasseri LF221 CSP
Aureocin A53 Staphylococcus aureus CSP
Bacteriocin L-1077 Ligilactobacillus salivarius L-1077

(NRRL B-50053)
CSP

Bactofencin A Ligilactobacillus salivarius CSP
Blpk Streptococcus salivarius CSP
Cerein 7B Bacillus cereus CSP
Ent1071A + B Enterococcus faecalis BFE 1071 CSP
Ent50-52 Enterococcus faecium (NRRL

B-30746)
CSP

Enterocin 7A Enterococcus faecium CSP
Enterocin 7B Enterococcus faecium CSP
Enterocin E760 Entercococcus spp. CSP
Epidermicin Ni01 Staphylococcus epidermidis 224 CSP
Garvicin KS-A + B +C Lactococcus garvieae KS1546 CSP
Garvicin ML Lactococcus garvieae DCC43 in vivo
Lacticin FA - FX Lactobacillus johnsonii VPI 11088 CSP
Lacticin Q Lactococcus lactis CSP
Lacticin Z Lactococcus lactis QU 14 CSP
Lacticin Zβ* modified by Syngulon CSP
Lactococcin B Lactococcus lactis CSP
Lactococcin Gα + Gβ Lactococcus lactis CSP
Lactococcin Qα + Qβ Lactococcus lactis QU 4, CSP
Plantaricin E + F Lactobacillus plantarum CSP
Plantaricin NC8α + β Lactobacillus plantarum CSP
Plantaricin Sα + β Lactobacillus plantarum LPCO10 CSP
sAbp118 α (Salivericin Pα) Lactobacillus salivarius CSP
sCerein X A Bacillus cereus CSP
sEntL50A Pedicoccus pentosaceus CSP
sEntL50B Enterococcus faecium CSP
SlvV Streptococcus salivarius CSP
SlvV* modified by Syngulon CSP
SlvW Streptococcus salivarius CSP
SlvY Streptococcus salivarius CSP
SlvZ Streptococcus salivarius CSP
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Colicin VEnterocin 760

L. lactis 

Garvicin MLSubtilosin A

F. nucleatum 

Aureocin 53

B. fragilis 
B)A)
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Figure 4.2: Bacteriocins successfully kill F. nucleatum and B. fragilis in solid media
A) Some examples of a Bacteriocin that successfully killed F. nucleatum and
B. fragilis. The shaded circles are the ’halos’ which signify the killing zones. B)
The controls of the presence and absence of killing zones, they show killing and no
killing on sensitive strains. C) The top panel shows the discolouration on the horse
blood plates with the addition of Garvicin ML supernatant and subsequent protein
purified fractions. There are no bacterial lawns on these plates. The bottom panel
shows the microscope images of the same fractions incubated with the same horse
blood. The last image is lysed red blood cells with 70% ethanol, here you can see
the ‘erythrocyte ghosts’. These are red blood cells that have been lysed and all of
their cellular contents have leaked out [187]. The microscope images were taken at
40X on olympus Widefield, scale bars are 10 µm. D) FAA plate + 5% horse blood
with synthetic bacteriocins applied. There is no sign of lysed blood cells from the
addition of the synthetic bacteriocins to the blood plates. The bacteriocins came
from the PARAGEN collection [1]. Except the Garvicin ML fractions that were
gifted by Dr. Juan Borrero del Pino.

It is important that the bacteriocins used do not harm human cells if they are to

be used for therapeutic applications. Therefore, to confirm that other bacteriocins
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do not cause red blood cell lysis, they were tested on 5% horse blood plates without

bacterial lawns (Figure 4.2D). No zones of red blood cell lysis were observed, con-

firming that the synthetic bacteriocins do not harm red blood cells. This finding is

promising, as any bacteriocins selected for therapeutic applications must not dam-

age human cells. The absence of red blood cell lysis provides preliminary evidence

that these bacteriocins are unlikely to harm human cells, supporting their potential

suitability for therapeutic use.

4.2.3 Pixel based methods to determine bacterial cell growth are

insufficient when testing proteinaceous antimicrobial com-

pounds against B. fragilis and F. nucleatum

After the initial testing of the bacteriocins in solid media, the next step involved

testing the killing of these bacteriocins in liquid media. A routine method, at

Cliniques universitaires Saint-Luc (UCLouvain), for testing a panel of antibiotics

against patient bacterial strains involves the use of the oCelloScopeTM [188]. The

oCellScopeTM is an automated brightfield optical microscope that uses measure-

ments of pixels to calculate bacterial growth. The SESA algorithm identifies all

objects in a scan and then calculates the total surface area covered by the objects

[188]. The bacteriocins that were screened in the solid media stage were taken

forward to be screened in liquid media, BACTEC, by the oCellScopeTM.

From the initial screen, the effect of killing with one bacteriocin was particu-

larly prominent, the class IIc circular bacteriocin, Garvicin ML. The killing effect of

Garvicin ML was more pronounced against B. fragilis. Figure 4.3A shows B. frag-

ilis growing in the absence of bacteriocin Garvicin ML (green) and then with the

addition of the bacteriocin Garvicin ML (purple). Initially in the presence of the

bacteriocin, B. fragilis grows until approximately 5 hours, where we observe a de-

crease in SESA measurements that correlate to cell death. Based on the images

taken by the oCelloScopeTM we can conclude that the action of Garvicin ML led

to cell lysis of B. fragilis. The image, taken at 24 hours, reveals a lack of bacte-

rial cells in the media (Figure 4.3), which suggests cell death caused by cell lysis
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induced by the bacteriocin Garvicin ML. From these experiments, no other bacteri-

ocins appeared to have an effect on the growth of B. fragilis.

We were unable to obtain a clear growth curve for the growth of F. nucleatum

as a control because it did not grow; therefore, we were unable to elucidate any

effective bacteriocins against F. nucleatum using the technique of recording cell

growth and death with the oCelloscopeTM.
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Figure 4.3: Bacteriocin Garvicin ML successfully kills B. fragilis
A) SESA normalised growth data for B. fragilis with (green) and without (purple)
the bacteriocin Garvicin ML added. B) The images taken by the oCelloScopeTM at
0 hours and 24 hours. There are no bacteria in the images at 24 hours of B. fragilis
incubation with the bacteriocin, Garvicin ML. C) SESA normalised growth of F. nu-
cleatum. This is not a normal growth curve for F. nucleatum. D) SESA raw values
plotted to show the impact on the measurements by the bacteriocins that precipi-
tated in the medium. This plot uses the example of bacteriocin SLvY that visibly
precipitated when added to the medium. BACTECTM media is used in all cases.
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Multiple issues arose from measuring bacterial cell death with bacteriocins us-

ing the oCelloscopeTM. Either there was no change in the growth curves of B. frag-

ilis with bacteriocins added or the bacteriocins precipitated in the medium, for ex-

ample SlvY (Figure 4.3D). The raw SESA measurements are plotted for SlvY, for

both strains, to highlight the extent to which the precipitation of bacteriocin in the

growth medium interfered with the oCelloScopeTM measurements. This precipita-

tion made it impossible to record the bacterial growth curves with this technique.

Therefore, the results of testing the bacteriocins against F. nucleatum and B. fragilis

in liquid culture using the oCelloScopeTM remain inconclusive. Alternative meth-

ods of measuring bacterial cell death with bacteriocins were explored.

4.2.4 F. nucleatum and B. fragilis are successfully killed by bac-

teriocins in liquid media

Due to inconclusive results from the liquid media screen using the oCelloScopeTM

technique, an alternative method was employed. It was hypothesised that measur-

ing optical density, while less precise than pixel-based measurements, would pro-

vide more reliable results. This is because the less precise measurements mean that

the precipitation of bacteriocins in the medium would have less impact on optical

density measurements compared to the pixel-based techniques. As a result, all sub-

sequent bacteriocin measurements in liquid culture were performed using a plate

reader (Tecan Spark) (see Methods 2.6.6).

Five promising candidates from the PARAGEN collection identified in the ini-

tial solid and liquid screens were selected for further testing (Table 4.2). These bac-

teriocins were chosen based on their diverse classes, modes of action, structures,

reduced propensity to precipitate in liquid media, and practical availability for this

study. The results of bacteriocin Garvicin ML effectively killing B. fragilis were

unable to be repeated. The supernatant containing Garvicin ML was active against

the indicator strain, L. lactis (Figure 4.2B), but no killing was observed on either

test strain. The discolouration observed on the blood agar plates was attributed to

the presence of ammonium sulphate, which was used during the protein purification
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process (Figure 4.2C) to concentrate the Garvicin ML bacteriocin from the super-

natant of its producer, Lactococcus garvieae DCC43. The inclusion of Garvicin

ML, a class IIc circular bacteriocin, was intended to complete the investigation of

all four subclasses of class II bacteriocins.

Table 4.2: Table of bacteriocins selected for this work, and some of their properties

Bacteriocin Class
Mode of
Action

Amino
acids Notes References

Aureocin A53 IId membrane
permeabilisa-
tion

51 single peptide [189, 190]

Bactofencin A IId membrane
disruption
through
electrostatic
interaction

22 positively
charged

[191]

Bacteriocin L-
1077

IIa membrane
disruption

37 sensitive to
proteolytic
enzymes

[192]

Garvicin KS
A+B+C

IId inhibitory
growth effect

32–34 three peptides [193, 194]

Plantaricin
E+F

IIb targets mem-
brane receptor
CorC

33–34 narrow spec-
trum two pep-
tides

[195]

The selected bacteriocins were tested on both solid and liquid media, with

bacterial growth measured using optical density readings on a plate reader (Figure

4.4). Panels A and B illustrate the bacteriocins’ effectiveness in killing B. fragilis

and F. nucleatum, respectively. In the solid media screens, clear zones of killing

were observed for Aureocin A53, Garvicin KS A+B+C, and Plantaricin E+F. How-

ever, in liquid culture, Aureocin A53 showed effective killing comparable to antibi-

otics (positive controls), while the killing effect of the others was less pronounced.

When compared to the water growth controls in liquid culture, Bactofencin A and

Garvicin KS A+B+C negatively affected the growth of both strains, though not as

significantly as the antibiotics or Aureocin A53.

The discolouration of blood agar when Aureocin A53 was applied to the lawns
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Figure 4.4: Aureocin A53 is the most potent bacteriocin against the onco-pathogens
B. fragilis and F. nucleatum

A) Solid culture of FAA + 5% horse blood with a lawn of B. fragilis. The liquid
culture is FAB medium with the bacteriocin added to a final concentration of 100
µg/mL B) Solid culture of FAA + 5% horse blood with a lawn of F. nucleatum. The
liquid culture is FAB medium with the bacteriocin added to a final concentration
of 200 µg/mL. The optical density measurements are taken at 20 hours. The solid
media experiments are captured after overnight growth (≈ 16 hours). The bars are
the mean of duplicate experiments and the error bars are the standard error of the
mean.
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was not due to the bacteriocin lysing red blood cells, as in the case of the Garvicin

ML fractions (Figure 4.2C), but rather the contents of the lysed F. nucleatum and

B. fragilis cells (Figure 4.4A, B). This was confirmed by adding the synthetic bacte-

riocins to a blood plate without a bacterial lawn, where no discolouration of the red

blood cells was observed (Figure 4.2D). Whereas, when testing the supernatant and

purified aliquots of Garvicin ML bacteriocin, there was discolouration of the blood

on the blood agar plates. This was the result of the ammonium sulphate, used in the

protein purification process, lysing the red blood cells (Figure 4.2C). This can be

seen by the formation of erythrocyte ghosts upon addition of the purified fractions.

These are not seen with the supernatant alone (before any protein purification).

4.2.5 B. fragilis is more sensitive to killing by Aureocin A53 than

F. nucleatum

To further quantify the potency of the bacteriocin Aureocin A53, a concentration

curve was constructed. As indicated by previous screening experiments (Figure

4.4), a concentration of 100 µg/mL was sufficient to kill B. fragilis, while 200

µg/mL was required to kill F. nucleatum. The indicator strain Bacteroides subtilis

(B. subtilis) for Aureocin A53 killing was added to the concentration curve, as a

control for Aureocin A53 sensitivity.

From the concentration curve (Figure 4.5), it is clear that the indicator strain

is more sensitive to Aureocin A53 than the two onco-pathogens (F. nucleatum and

B. fragilis). The indicator strain, B. subtilis, was killed at 6.25 µg/mL. Among

the two onco-pathogens, B. fragilis is more susceptible being killed at 50 µg/mL.

Whereas, F. nucleatumis only killed at 200 µg/mL.

This difference in sensitivity may be explained by the gram status of the three

bacteria. B. subtilis is a gram-positive bacterium, while both onco-pathogens are

gram-negative. Since gram-positive bacteria have one cell wall layer, they are gener-

ally more susceptible to membrane-permeabilising bacteriocins like Aureocin A53.

Furthermore, B. subtilis and the natural producer of Aureocin A53 (Staphylococcus

aureus), are natural competitors [196], which could explain the heightened sensitiv-
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ity of B. subtilis to the bacteriocin. Nonetheless, both B. fragilis and F. nucleatum

are sensitive to Aureocin A53 at concentrations comparable to typical laboratory

working concentrations of antibiotics.
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Figure 4.5: B. fragilis is more sensitive to killing by Aureocin A53 than F. nucleatum
The Aureocin A53 concentration curve reveals the susceptibility of B .subtilis, F. nu-
cleatum, and B. fragilis to chemically synthesised Aureocin A53. The most sensi-
tive to Aureocin a53 was the indicator strain, B .subtilis, followed by B. fragilis and
F. nucleatum. The concentration curve was constructed on a log scale, starting with
200 µg/mL for F. nucleatum and 100 µg/mL for B. fragilis and B .subtilis.



4.3. Discussion 120

4.3 Discussion

In this chapter, I investigated the ability of the panel of bacteriocins, from the PAR-

AGEN collection, to kill the oncogenic strains F. nucleatum and B. fragilis. This

involved optimising their growth and developing methods for bacteriocin screening

in liquid culture, alongside testing the bacteriocins themselves. From this panel Au-

reocin A53 and Bactofencin A showed particular promise at effectively targetting

the oncogenic strains.

The successful cultivation of the obligate anaerobes F. nucleatum and B. frag-

ilis under laboratory conditions suitable for high-throughput screening of bacteri-

ocins was achieved. To maintain anaerobic conditions, a qPCR plate seal secured

with autoclave tape was used, providing a practical and effective method for ob-

taining optical density measurements. Despite challenges associated with the self-

aggregation and biofilm formation of F. nucleatum, both strains were successfully

cultivated, and their growth curves were measured. Notably, B. fragilis exhibited a

faster growth rate, doubling every 2.1 hours, than F. nucleatum which had a dou-

bling time of 3.8 hours. These results are comparable to the literature that cites

B. fragilis having a doubling time of 1 hour [197] and F. nucleatum a doubling time

of 3.5 hours [198]. The slight difference in the growth rate of B. fragilis measured

here could be explained by the conditions not being completely anaerobic within

the plate, this observation is supported by the auto-aggregation of F.nucleatum also

thought to be due to the presence of some oxygen. The difference in growth rates be-

tween the two onco-pathogenic strains is important, because the bacteriocins were

added at the same time for both strains and this may influence how the bacteriocins

interact with the strains. It is important to consider the growth rates of bacterial

strains as this effects efficacy, for example antimicrobial agents are most effective

during the exponential growth phase [199].

Screening of bacteriocins from the PARAGEN collection identified several

candidates capable of killing F. nucleatum and B. fragilis. Aureocin A53 and

Bactofencin A demonstrated bactericidal effects on solid media, with distinct zones

of killing observed on F. nucleatum and B. fragilis lawns. Among these, Aure-
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ocin A53 showed the highest efficacy in liquid culture, with bactericidal activity

comparable to antibiotics. However, technical challenges arose during liquid media

assays using the oCelloScopeTM, as precipitation of certain bacteriocins, such as

SlvY, interfered with the accuracy of growth curve measurements. This prompted

a transition to optical density measurements using a plate reader, which provided

more reliable results and enabled the identification of bacteriocins effective in both

solid and liquid culture.

A concentration curve for Aureocin A53 was subsequently generated, provid-

ing insight into the sensitivity of the pathogens to this bacteriocin. However, due

to a limited supply of chemically synthesised Aureocin A53, this experiment could

only be conducted as a single replicate. Subsequent lawn assays corroborated the

observed trend that B. fragilis is more sensitive to Aureocin A53 than F. nucleatum.

Furthermore, discolouration observed in blood agar assays, initially suspected to

indicate haemolytic activity, was found to result from bacterial cell lysis rather than

direct erythrocyte damage. The exception was the purified fractions of Garvicin

ML, where the ammonium sulphate used during purification caused erythrocyte

lysis (Figure 4.2C, D). Importantly, other tested bacteriocins, including Aureocin

A53, did not cause red blood cell lysis, a crucial consideration for therapeutic ap-

plications.

The two bacteriocins demonstrating the greatest killing efficacy in liquid cul-

ture were Bactofencin A and Aureocin A53, with Aureocin A53 being a single

peptide requiring no post-translational modifications and Bactofencin A remain-

ing active without disulfide bond formation. These were identified as promising

candidates for incorporation into the lysis delivery system, Lysara, constructed us-

ing the Moclo platform [128]. While Aureocin A53 displayed stronger activity

against the indicator strain B. subtilis compared to the onco-pathogens F. nuclea-

tum and B. fragilis, its efficacy was consistent with previous studies. For example,

concentrations of 128 µM (770 µg/mL) and 16 µM (96 µg/mL) of Aureocin A53

were required to kill Staphylococcus aureus and Enterococcus faecium, respectively

[190], with one study reporting a MIC of 0.29 µg/mL for E. feacium [200]. In this
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work, 200 µg/mL was required to kill F. nucleatum, and 50 µg/mL was sufficient

for B. fragilis. These values were calculated in liquid culture, whereas previously

reported concentrations were determined using solid media.

This study demonstrated that Aureocin A53 does not harm red blood cells, an

important step in evaluating its therapeutic potential. This correlates with in vivo

studies, in the Galleria mellonella (moth) model, that observed no harm caused

by synthetically synthesised Aureocin A53 [201]. Although the screened bacteri-

ocins effectively killed onco-pathogens, challenges were encountered during bacte-

rial culture, such as F. nucleatum aggregation, and with bacteriocin precipitation in

media, which occasionally rendered oCelloScopeTM results unreadable.

It is worth noting that F. nucleatum DNA is found at higher levels in the early

stages of colorectal cancer [202]. This raises the question of whether bacteriocin-

based systems should be administered early in colorectal cancer development. Fur-

thermore, bacteriocins could potentially be repurposed for vaccine-like technolo-

gies. For example, a vaccine targeting F. nucleatum, such as one utilising recom-

binant Fn-AhpC protein, has been shown to reduce F. nucleatum levels in mouse

colorectal cancer models and induce strong humoral immunity (antibody produc-

tion by B cells) [203].

Future work not covered in this study includes screening the selected bacteri-

ocins against commensal strains to confirm specificity. Potential commensal strains

to investigate include members of the human gut: Prevotella copri, Bacteroides

vulgatus, Bacteroides ovatus, and Akkermansia muciniphila [204, 205]. Whilst it is

possible to achieve strain specificity with bacteriocins, as demonstrated with strains

of Clostridium difficile [206], due to the pore-forming mechanism of action by Au-

reocin A53, it is unlikely to exhibit high specificity, as such modes of action are

generally broad-spectrum. Thus far it has been recorded that Aureocin A53 dis-

plays activity against a wide range of bacteria, including Staphylococcus simulans

[200], STaphylococcus aureus, Staphylococcus epidermidis, Streptococcus sp., En-

terococcus faecalis, Micrococcus luteus [207], Listeria innocua (food pathogens)

and Listeria monocytogenes [208]. Additionally, there has been some evidence that
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Auroecin A53 displays a slight toxic effect against murine monocytic-macrophages

[209] however, this has not yet been observed in humans, and in this work there

was no evidence of Aureocin A53 being cytotoxic to equine red blood cells. Nev-

ertheless, high specificity may not be essential. Bacteriocins have modes of action

distinct from those of antibiotics [85] and, even if Aureocin A53 is not highly spe-

cific, its specificity may still be sufficient to serve as an alternative to antibiotics in

the current context of antibiotic resistance.



Chapter 5

Delivery of bacteriocins through

engineered lysis

‘Nothing is impossible, the word itself says ’I’m possible’!’

— Audrey Hepburn, 1929 - 1993
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5.1 Introduction

5.1.1 Payload bacteriocins: Aureocin A53 & Bactofencin A

The bacteriocins Aureocin A53 and Bactofencin A displayed antimicrobial activ-

ity against both onco-pathogens being tested in this work. Their unique structural

properties, no signal peptide, and lack of post-translational modifications (PTM)

make them perfect candidates to be incorporated into a lysis delivery system. The

circular bacteriocin Garvicin ML, whilst unable to display killing against the onco-

pathogens, was included as a control of successful bacteriocin killing.

Aureocin A53 is a 6,012.5 Da, cationic, and tryptophan-rich antimicrobial pep-

tide composed of 51 amino acid residues [189, 207]. It is produced by Staphylococ-

cus aureus (S. aureus) and encoded by the aucA gene on the pRJ9 plasmid [210].

The pRJ9 plasmid also encodes genes for ABC transporters, which confer immu-

nity by actively pumping Aureocin A53 out of the bacterial cell, preventing self-

destruction [211]. Unusually, for a bacteriocin, Aureocin A53 lacks a typical leader

sequence or signal peptide [189]. This feature, along with the absence of biosyn-

thetic enzymes near the structural gene, suggests that no PTM are required for its

antimicrobial activity, making it an ideal candidate for screening against oncogenic

pathogens in this work [189].

Aureocin A53 exhibits potent antimicrobial activity which is formally mea-

sured by the minimum inhibitory concentration (MIC). The MIC is defined as the

lowest concentration of an antibacterial agent that prevents visible growth of the

strain [153]. Aureocin A53 has shown potent activity against gram-positive bac-

teria such as Enterococcus faecium, with an MIC of 0.29 µg/mL [200]. This is

comparable to MICs of antibiotics reported in clinical isolates of F. nucleatum with

values ranging from 0.25 µg/mL to 1 µg/mL for penicillin to chloramphenicol re-

spectively [212]. It should be noted these values are from solid agar results not

liquid culture experiments. Its bactericidal action involves rapid membrane per-

meabilisation, leading to the efflux of essential cellular components, dissipation of

membrane potential, and the cessation of macromolecular synthesis [200]. This

ultimately results in cell lysis and death.
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The unique structural features and stability of Aureocin A53 enhance its po-

tential for a wide range of applications, including food preservation and as an alter-

native to traditional antibiotics. Its stability under various environmental conditions

further supports its suitability for these applications, as it can maintain its activity

in a variety of settings [208].

In addition to Aureocin A53, Bactofencin A is a novel cationic bacteriocin

that is produced by Lactobacillus salivarius DPC6502 (a strain isolated from the

porcine intestine) [213]. This 22 amino-acid peptide contains an intramolecular

disulphide bond between cysteine residues at positions 7 and 22, which stabilises

the peptide and forms a large C-terminal loop [214, 191]. Bactofencin A exhibits

potent antimicrobial activity against several clinically relevant pathogens, including

S. aureus and Listeria monocytogenes [215]. Its mechanism of action involves in-

teraction with the bacterial cell membrane, leading to cell death. The bacteriocin’s

effectiveness is closely linked to its primary structure, including the N-terminal

charge and the formation of the disulfide bond [215].

Unlike many other bacteriocins, Bactofencin A’s immunity is conferred by a

teichoic acid D-alanyltransferase (dltB) [216] homolog located downstream of its

structural gene [213]. The dltB gene is involved in the d-alanylation of teichoic

acids in the cell wall, a modification that reduces the net negative charge of the

bacterial surface, thereby decreasing susceptibility to cationic antimicrobial pep-

tides. Heterologous expression of this gene in susceptible strains confers specific

immunity to Bactofencin A, distinguishing it from other bacteriocins that rely on

dedicated immunity proteins [213].

Given its potent antimicrobial properties and unique immunity mechanism,

Bactofencin A holds great promise for therapeutic applications targeting antibiotic-

resistant bacteria. Its ability to effectively target pathogens such as S. aureus and

L. monocytogenes underscores its potential in clinical settings, particularly in the

context of combating emerging antibiotic resistance [215].

Although initially promising (Figure 4.3), the bacteriocin Garvicin ML later

proved unable to kill the onco-pathogens being investigated in this work. It is in-
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cluded here on a bacteriocin expressing plasmid, as part of the collaboration with

the industry partner Syngulon, as a positive control for plasmid expression of bacte-

riocin killing. It is unique in its expression as it circularises via split inteins, which

are proteins that can self excise leaving exposed overhangs [217]. The wild type

Garvicin ML is produced by Lactococcus garvieae DCC43 [218]. Circular bacte-

riocins such as Garivicin ML are gaining interest as therapeutics due to their stable

nature [219].

5.1.2 Modelling bacteriocin expression & secretion

Modelling bacterial growth curves is a fundamental approach in microbiology to

understand how bacterial populations grow over time under given environmental

conditions. One of the most widely used models for bacterial growth is the logis-

tic growth model, which accounts for both the initial exponential increase in cell

numbers and the eventual plateau as resources become limited [220].

The logistic growth model improves upon simple exponential models by incor-

porating a carrying capacity (K): the maximum population size that the environment

can sustain. This model provides a more realistic depiction of bacterial growth, es-

pecially in closed systems such as batch cultures, where nutrient limitations and

environmental changes influence population dynamics [221].

Understanding bacterial growth dynamics is essential for various applications,

including antibiotic development, industrial fermentation, and synthetic biology,

where precise control over microbial populations is required [222]. For this work

bacteriocin release via secretion and lysis was modelled in order to help guide and

explain observations of the wet lab work.

5.1.3 Bacteriocin expression platforms

Bacteriocin expression has gained increased attention in recent years, particularly

in the context of food applications [1]. One promising approach involves inserting

naturally occurring plasmids into Generally Recognised As Safe (GRAS) strains,

which can be used in food production. This method leverages native biosynthetic
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genes to express bacteriocins in a food-safe environment, offering a potential path-

way for the application of these antimicrobial peptides in food safety and preserva-

tion [223].

To enhance bacteriocin expression, various strategies have been explored. One

approach involves modifying the leader peptide to increase expression levels, po-

tentially improving the yield and activity of the bacteriocin [224]. In addition, the

construction of modular synthetic circuits has been proposed to express a range of

bacteriocins with diverse leader peptides, allowing for more versatile and tunable

production systems [90].

Furthermore, yeast have been explored as alternative hosts for bacteriocin ex-

pression. This eukaryotic system offers advantages, including the ability to perform

post-translational modifications that are not always achievable in prokaryotic sys-

tems, potentially enhancing the bioactivity and stability of the expressed bacteri-

ocins [225].

In parallel, another team has successfully engineered Escherchia coli Nissle

(EcN) to express the bacteriocins Actifencin and Bacteroidetocin A; targeting the

following microbes Bacteroides and Lactobacillus. This provides further evidence

for the feasibility of using engineered probiotics as a platform for bacteriocin pro-

duction. However, their in vivo work (mice) could not recapitulate the inhibitory

patterns they observed in vitro and ex vivo [226].

This chapter presents the development of a bacteriocin expression platform

in an engineered strain, designed to use lysis as a mechanism for delivering active

bacteriocins to target onco-pathogens within the tumour micro-environment. Where

previous attempts have focused on secreting the bacteriocins [90], this attempt fo-

cuses on lysis as a simpler solution for versatile bacteriocin delivery. Lysing open

engineered host cells has the added benefit of reinducing immune responses [227],

a desirable effect in the context of a tumour. The platform constructed here inte-

grates the arabinose inducible lysis circuit, Lysara, with the bacteriocins identified

in previous chapters, Aureocin A53 and Bactofencin A.
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5.2 Results

5.2.1 Challenges in IPTG induced cell lysis

An Isopropyl β -D-thiogalactopyranoside (IPTG) inducible lysis circuit was initially

selected as the circuit design (Figure 5.1). IPTG was selected because it is a struc-

tural analogue of allolactose (the natural inducer of the lactose operon) [228]. Ben-

eficially, its concentration remains constant during experiments because it is not

metabolised by bacterial cells [228]. When present, IPTG binds to the lac repres-

sor resulting in the lac repressor removing its repression of the PlacUV5 promoter.

Therefore, transcription of the chromosomal T7 RNA polymerase can begin. The

T7 RNA polymerase is then able to bind to and activate T7 promoters [229]. The

IPTG-inducible circuit was constructed using the MoClo [128] standard parts.

A total of 24 transformants were tested for their response to IPTG induced

cell lysis in a plate reader assay Figure (5.1). The transformants were grown for 2

hours before the addition of IPTG (100 µM). Of these 24 transformants, 12 initially

showed signs of responding to IPTG induction but quickly developed resistance

and became unresponsive within 1–2 hours. The remaining 12 transformants ex-

hibited no response to IPTG-induced cell lysis at any point. Notably, none of the

transformants were completely killed by the induction process.

This system utilised bacteriophage T7 RNA polymerase, which is encoded on

the chromosome and specifically recognises the T7 promoter. This polymerase is

capable of transcribing approximately eight times faster than E. coli RNA poly-

merase and its expression is controlled by the PlacUV5 promoter [230]. PlacUV5, a

strong variant of the wild-type Plac promoter, is inducible by IPTG and does not rely

on intracellular cyclic AMP levels or the CRP (cyclic AMP receptor protein). This

was the promoter used in this initial circuit design. However, PlacUV5 is known to

exhibit greater leakiness compared to the wild-type Lac operon, resulting in low lev-

els of T7 expression and protein production even in non-induced cells [230]. This

leaky expression is thought to drive mutations in the expressed gene, contributing

to the observed resistance of the screened transformants.

This system was unsuitable for proteins with high toxicity or significant growth
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burdens [230]; such as the lysis protein, φX174E encoded by the MoClo kit, used

in this circuit. This suggests that the resistance observed among the transformants

may be linked to its incompatibility with toxic genes such as the φX174E gene used

to create this lysis system.
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Figure 5.1: IPTG inducible lysis circuit partially responds to IPTG induction
A) The genetic constructs built and involved in this system, in the synthetic biology
open language format (SBOL). B) Diagrammatic representation of the IPTG in-
ducible circuit. In the absence of IPTG there is no T7 RNA polymerase (T7RNAP)
to activate the T7 promoter. When IPTG is added the T7RNAP can bind the T7
promoter inducing transcription of the lysis gene, φX174E. C) Twenty four trans-
formants containing the IPTG inducible lysis circuit (colours) were induced with
IPTG at 2 hours (grey dashed line). OD700nm measurements were taken over 16
hours. Data is one replicate, each well = one transformant.
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5.2.2 Construction of the arabinose-inducible Lysis circuit:

Lysara

Following the unsuccessful performance of the IPTG-inducible lysis circuit, an

arabinose-inducible lysis circuit, termed Lysara, was developed to address the chal-

lenges of resistance and leaky expression. The ParaBAD promoter is induced by

the addition of arabinose (Figure 5.2A), this promoter has very low background

expression levels and can be further dampened by the addition of glucose, through

catabolite repression. Glucose reduces cAMP which dampens the ParaBAD promoter

[231] and reduces leakiness of the promoter when it is meant to be in the OFF state.

Lysara operates by being in the OFF state in the absence of arabinose, where

the protein AraC represses the promoter ParaBAD. Upon the addition of arabinose,

AraC undergoes a conformational change and releases its repression of ParaBAD.

This leads to the expression of the lysis toxin (φX174E), which works by lysing the

host cell via the inhibition of peptidogylcan synthesis of gram-negative cell walls,

causing pore formation in the outer membrane [232] (Figure 5.2A). A screening of

24 transformants, containing the Lysara circuit, was conducted with arabinose (10

mM) introduced at the 2 hour time point (Figure 5.2B). Colonies that successfully

lysed in response to arabinose induction were selected for further characterisation

(Figure 5.3).

During further characterisation, a negative control strain was added, a host

without the Lysara plasmid. The negative control did not respond to arabinose and

grew without any signs of burden, as expected (Figure 5.3B). This confirmed that

the addition of 10mM arabinose produced no toxic effects to the bacterial cells and

that the cells would not lyse without the Lysara circuit present. This is not true

for colony 5 (Figure 5.3D), which showed abnormal growth curves in the absence

of arabinose suggesting burden on the cells. This was evidenced by colony 5 only

reaching an Optical Density (OD) measurement of OD700 0.3 compared to the con-

trol strain (Figure 5.3B), which achieved 0.58. In the presence of arabinose, colony

5 was observed to develop resistance and regrow. All 3 replicates of colony 5 fol-

lowed this pattern. Other than colony 5, all other colonies grew comparable to the
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negative control in the absence of arabinose.

For colony 11, the strain grew comparably to the negative control (Figure

5.3E). Upon addition of arabinose, despite all replicates lysing, by the end of the

experiment all replicates had developed resistance and were beginning to regrow.

Regarding colony 18 (Figure 5.3F), only one of the replicates developed resistance

by the end of the experiment and this is thought to be due to spontaneous muta-

tions that remove the burden of the lysis circuit, Lysara, on the host cell. There

was a small growth burden observed in the engineered host cells as the colonies

reached OD700 0.45 rather than OD700 of 0.58 of the negative control strain (non-

engineered). This defect is to be expected as the lysis circuit would place burden on

the engineered cells [233].

Among the screened transformants taken forward to this stage, colony 3 was

the only one that demonstrated consistent lysis without developing resistance (Fig-

ure 5.3C). Colony 3 was subsequently used in all downstream experiments. Overall,

the Lysara system effectively demonstrates lysis behaviour upon arabinose induc-

tion.

To confirm that the glucose added to the media was not interfering with the ly-

sis circuit, colony 3 was tested in conditions with and without both glucose (0.2%)

and arabinose (Figure 5.4). In the conditions with glucose and no arabinose, colony

3 grows better than without glucose, reaching an OD700 of 0.6 (better growth than

the control strain) (Figure 5.3B). This was expected because the bacteria can use

glucose as a carbon food source. However, in the absence of glucose and no arabi-

nose, colony 3 displayed abnormal growth curves, this was expected because with-

out the glucose to dampen the ParaBAD promoter, the circuit would be leaky and

therefore express the lysis toxin, φX174E and lyse itself. From the growth curve it

can be observed that this curve flattens, presumably because the colony had mutated

to escape the killing burden.

In the presence of glucose and arabinose (Figure 5.4), colony 3 initially grew

better than without glucose (turquoise line) and responde to arabinose induction at 2

hours, observed by a sharp decrease in OD700 measurements. This was maintained
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until 15 hours where a change in OD700 was observed, indicating regrowth of the

cells. However, colony 3 does not fully recover its growth, unlike the arabinose

induced ‘no glucose’ (purple line) group, which reached almost the same OD700

as the control. Colony 3 in these conditions, arabinose induced and no glucose,

developed resistance faster and recovered its growth, unlike the arabinose induced

glucose group.

Therefore, the overall effect of glucose in the media provided an additional car-

bon source for the cultures and effectively dampened the ParaBAD promoter activity,

reducing the leaky expression of φX174E and reducing the resistance observed.

The colony 3 cultures, grown in glucose-supplemented media, exhibited improved

lysis responses and delayed resistance compared to those grown without glucose,

where unresponsive cells resumed growth.
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Figure 5.4: Glucose successfully dampens the leakiness of the Lysara circuit
Lysara induced with arabinose (10 mM) in the presence and absence of glucose in
LB medium. Increased cyclic AMP (cAMP) binding to the cAMP activator protein
(CAP) can also stimulate AraC binding to I1 and I2, initiating transcription. How-
ever, the addition of glucose to the media decreases cAMP, which reduces binding
to CAP, reducing AraC activation and ultimately represses the ParaBAD promoter
[234]. The lines represent the median value of triplicate data from a single experi-
ment. The ribbons represent the standard error of the median. The dashed line at 2
hours marks the addition of the inducer, arabinose (10 mM).
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5.2.3 Lysara: characterising arabinose concentration and time

of induction

The Lysara system was evaluated in both M9 minimal media and LB rich media,

both supplemented with 0.2% glucose. As expected the strain grew better in LB rich

media, compared to the minimal media, M9 because there are less energy sources in

the M9 minimal media. The growth curves of Lysara in different arabinose concen-

trations and with arabinose added at different time points were characterised using

optical density measurements as a measure of bacterial growth (Figure 5.5). Figure

5.5A and 5.5C display the growth under varying concentrations of an inducer (0, 2,

4, and 10 mM) added at 2 hours. Figure 5.5B and 5.5D represent growth curves for

cultures with the inducer, arabinose (10 mM), added at different time intervals (0,

2, 4, 6, and 7 hours).

In LB media, lysis was observed only at the highest arabinose concentration

(10 mM) (Figure 5.5A), whereas, in M9 media, concentrations as low as 4 mM

successfully induced lysis (Figure 5.5C). This is thought to be due to the number of

bacterial cells present in the cultures at the point of arabinose induction. The more

bacterial cells present, the more arabinose is required to induce each bacterial cell.

Similarly, since bacterial cells can use arabinose as a carbon source, it is possible

that at lower arabinose concentrations but higher cell densities, the lysis circuit fails

to activate. This could occur because the bacteria first metabolize the available

arabinose before it can induce the circuit, as E. coli possesses ABC transporters for

arabinose uptake [235]..

Regarding the multiple time points, arabinose at 10 mM was added to both LB

(Figure 5.5B) and M9 (Figure 5.5D) over 2, 4, 6, and 7 hours. Lysara cultured in LB

media responded to arabinose induction at all times tested (Figure 5.5B). However,

resistance developed when arabinose was added at 2, 4 and 6 hours. The experiment

had to stop at 24 hours so it is not possible to determine whether resistance would

have developed from the cultures induced at 7 hours. By 24 hours there was no

bacterial re-growth observed. When the cultures are induced later on, for example

at 6 hours compared to 2 hours, resistance develops faster. For 2 hour induction,
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resistance can be seen by the emerging growth curve at 13 hours, compared to 17

hours for the 6 hour induction. Resistance observed from earlier arabinose induc-

tions appears greater (steeper growth curve) in the 24 hour cycle of the experiment.

For M9 media (Figure 5.5D) the cultures appeared to not grow well and, whilst

there can be observed a shift in time taken for the cultures to grow, none of the

cultures appear to respond to arabinose and lyse. At a 2 hour induction, there is

the most obvious effect on the cultures growth being delayed. When arabinose was

added at 7 hours, the cultures entered the exponential phase at 6 hours, the same as

the control (no arabinose added). In contrast, without arabinose addition, the culture

appeared to enter the exponential phase at 13 hours. For 7 hours, it is clear there is

a brief plateau in the cultures growth before it develops resistance. Potentially this

suggests that as the circuit is growing in minimal M9 media, the cultures are using

the arabinose as a carbon source before it can efficiently activate the lysis circuit.

Although, as the growth is delayed, this does suggest some cells are responding to

the circuit. However, as these die the resistant cells then take over.

Overall, higher arabinose concentrations elicited faster Lysara responses but

also accelerated resistance development. Despite some variation, likely due to ran-

dom mutations, the Lysara system consistently responded to arabinose across ex-

periments.

5.2.4 Lysara: characterising host cell death and arabinose re-

induction

Once it had been confirmed that Lysara responds to the inducer arabinose, the next

steps were to determine whether the circuit could completely lyse bacterial popula-

tions and, if not, whether it could withstand repeated induction at varying arabinose

concentrations.

Induction, at arabinose concentrations ranging from 0 mM to 10 mM, was

assessed in LB media Figure 5.6. No arabinose or re-induction was used as a control

of bacterial growth without arabinose induction and lysis (Figure 5.6A). When 2

mM arabinose (Figure 5.6B) was added at 2 hours and 4 hours, no effect on bacterial
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growth was observed. The growth curves for 2 mM in the first induction were the

same as the control growth curves (Figure 5.6A). However, re-induction at 26 hours

shifted the growth curve, resulting in a delay of approximately two hours compared

to cultures induced at 4 and 28 hours, which displayed no anomalies in growth.

At 4 mM arabinose (Figure 5.6C), a slight decrease in optical density (OD)

was noted in cultures induced at 2 hours, but there was no evidence of lysis when

arabinose was added at 4 hours. Upon re-induction at 26 hours, the 2-hour culture

exhibited a temporary plateau in growth before recovery. A similar plateau was

observed in the 4-hour group re-induced at 28 hours.

At 6 mM arabinose (Figure 5.6D), bacterial lysis was evident in cultures in-

duced at 2 hours, as indicated by a decrease in OD. However, these cultures recov-

ered after approximately 12 hours. Re-induction at 26 hours resulted in no response

to arabinose, and the culture reached a higher OD (0.6) than the no-arabinose con-

trol (OD 0.5), suggesting a potential loss-of-function mutation leading to a reduced

plasmid burden. In contrast, the 4-hour group exhibited a growth plateau upon in-

duction, without recovery within the first 24 hours. Upon re-induction at 28 hours,

the 4-hour group initially responded with a decrease in OD but became resistant,

resuming exponential growth by 38 hours.

At 8 mM arabinose (Figure 5.6E), both the 2-hour and 4-hour inductions

caused reductions in bacterial growth. The 2-hour group exhibited a steep decline

in OD but became resistant after 12 hours, re-entering exponential growth. Re-

induction of the 2-hour group at 26 hours produced no response to arabinose, and

the culture again achieved a higher OD than the control. For the 4-hour group,

induction caused a steady decline in OD, and re-induction resulted in delayed re-

growth, with no observed recovery until approximately 35 hours.

At the maximum concentration of 10 mM arabinose (Figure 5.6F), both the

2-hour and 4-hour groups initially displayed sharp decreases in OD, indicating cell

lysis. The 2-hour group recovered growth within 12 hours, showing resistance to

re-induction at 26 hours and achieving a higher OD than the control. The 4-hour

group exhibited a steady decrease in OD during the initial induction and minimal
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growth until 33 hours (during the re-induction), at which point exponential growth

resumed.

The data suggest that the lysis circuit does not respond to arabinose during re-

induction, likely due to mutations conferring resistance to the circuit. The mutations

may involve the Lysara plasmid itself, direct mutations of the lysis gene φX174E

or an E. coli host gene SlyD, which is required for lysis induced by φX174E (lysis

gene E) [236]. SlyD, a member of the FK506-binding protein (FKBP) family, has

been implicated in lysis resistance due to recessive mutations. These mutations

include deletions in the slyD locus, which contains three open reading frames. Such

deletions prevent the lysis gene from inducing cell death and have been previously

associated with the inability of φX174E to successfully lyse the host cell [237].

To assess the efficacy of the lysis circuit in eliminating all bacterial cells,

colony counts were conducted 24 hours after arabinose induction (Figure 5.6G).

Arabinose was added at two time points: 2 hours and 4 hours. The colony counts

for both conditions demonstrated a reduction in viable cells at arabinose concentra-

tions of 4 mM and 10 mM compared to controls without arabinose. However, these

counts were conducted as single replicates, limiting the reliability of the findings.

The data suggest that the lysis circuit does not completely eliminate all cells, as

indicated by the presence of viable colonies after induction. Colony counts were

performed using a 5 µL ”pizza spotting” plating method (2.3.6) [238].

In conclusion, while the plate reader data confirm a reduction in optical density

following arabinose induction, the colony counts reveal that the lysis circuit does

not achieve complete eradication of the bacterial population. This is further con-

firmed by the re-growth of cultures during the re-induction stage. The variability

in bacterial death and regrowth observed in these re-induction experiments could

potentially be explained by mutations in the slyD gene within the genomic DNA of

the Lysara E.coli strain. Further investigation is necessary to confirm this hypothe-

sis i.e. sequence the resistant strains to identify mutations in the plasmid or the slyD

gene.
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Figure 5.6: Lysara does not respond to re-induction with arabinose
A - F) The Lysara system was induced with arabinose at 2 and 4 hours and incubated
for 24 hours (LB medium). The cultures were then diluted into fresh LB medium
and re-induced with arabinose at 2 or 4 hours (corresponding to the induction time
they previously had). The points are the median values, and the shaded regions
are the standard error of the median for triplicate data from one experiment. The
panels A - F) are different arabinose concentrations added at 2 and 4 hours. A)
control panel no arabinose is added, B) 2 mM, C) 4 mM, D) 6 mM, E) 8 mM, and
F) 10 mM. G) These are the colony counts for 0, 4, and 10 mM arabinose after the
end of the first experiment at 24 hours. There are less viable E. coli cells after the
addition of 4 and 10 mM arabinose compared to no arabinose, apart from the 2 hour
induction point at 10 mM which appears to be an outlier. The colony count data is
one replicate.
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5.2.5 Lysara: characterising functional protein expression

The next steps aimed to determine whether a functional protein could be obtained

from the supernatant of lysed host cells using the Lysara arabinose-inducible ly-

sis circuit. Lysara cultures were grown in a plate reader and induced with 10 mM

arabinose at 4, 6, and 8 hours. These time points were selected based on prior ex-

periments confirming that the circuit lyses effectively at 4 hours, allowing sufficient

time for the host cells to express the green fluorescent protein (GFP) [239], used as

a marker for protein expression and activity.

In this experiment, GFP was placed under the control of a constitutive promoter

(Figure 5.7A). As the host cells grew, GFP accumulated in the cytoplasm. Upon

arabinose induction, host cell lysis occurred, releasing GFP into the media. GFP

in the supernatant was then measured to confirm the system’s ability to express a

functional protein and export it into the media through the Lysara system.

Measurements from the different induction time points (Figure 5.7B) demon-

strated that GFP could be detected in the supernatant of lysed cultures. Statistical

analysis revealed significant differences in GFP levels between uninduced controls

and induced cultures at 4 and 6 hours of arabinose induction. However, at 8 hours,

no significant difference in GFP levels was observed between the induced and unin-

duced cultures. This result aligns with expectations, as the Lysara system becomes

less responsive to arabinose at higher optical densities, which were reached by 8

hours of growth. The greatest difference in GFP levels between induced and unin-

duced cultures was observed at the 4-hour induction time point.
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Figure 5.7: Lysara system successfully kills host cells and produces functional GFP
protein

A) diagrammatic representation of the dual transformed host, containing both the
Lysara circuit and a circuit that expresses green fluorescent protein (GFP) with the
bacteriocin, MccV. The GFP circuit is constitutive, constantly producing GFP. GFP
is not secreted out of the host cell. When the Lysara circuit is activated by the
addition of the inducer, arabinose, the host cell is lysed and the GFP enters the
medium. This GFP in the supernatant can be measured with a plate reader. B) the
GFP raw values when arabinose is added at 4 hours, 6 hours, and 8 hours. The
individual points (different colours) are different wells. The p-values are from the
T-test and are displayed on their corresponding panel. The greatest difference in
GFP values between induced and un-induced is observed at 4 hours.
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5.2.6 Lysara: modelling the lysis circuit

To complement the characterisation experiments, a model of the Lysara system cou-

pled with bacteriocin expression was constructed. The objective of this model was

to investigate the relationship between bacterial growth, bacteriocin production, and

the timing of arabinose induction. Additionally, the model allowed comparisons

between bacteriocin production in secretion-based systems, such as the PACMAN

system [90] (secretion is shown in Figure 5.9A), and the Lysara lysis-based system.

Alongside comparing the dynamics of secretion of bacteriocins vs lysis of bacteri-

ocins. The secretion system was first modelled at varying growth rates to establish a

baseline growth rate for simulating the lysis circuit. Modelling this system provides

a valuable framework for predicting responses before experimental testing, offering

a preliminary set of parameters for optimal induction timing.

There were models made for two different production systems:

1. Secretion system - equivalent to strains based on PACMAN [90] and SPoCK

[102]. The model could be improved by adding a term for secretion rate that

models bacteriocins moving from a ‘produced’ to ‘secreted’ state.

2. Lysis system - based on the arabinose-inducible Lysara plasmid.

All simulations were run in Python 3.9.7 with Spyder v5.1.5, using a MacBook

Pro (2020, intel core i5, 16GB RAM). The following Table (5.1) lists all of the

assumptions made in these models:
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Table 5.1: The assumptions made for both models and then assumptions made that are
specific to each model

Both Models Secretion Model Lysis Model

All strains follow

logistic growth. This

ignores any effects that

the Lysara plasmid has

on the growth dynamics

of the host strain.

Any bacteriocin

molecules produced are

secreted immediately.

Therefore, the number

of bacteriocin

molecules produced in

the model is equivalent

to molecules secreted.

In practice, molecules

are likely secreted at a

slower rate.

The paraBAD promoter

has no leakage.

Therefore, no cells are

lysed before arabinose

is added, and the

presence of the lysis

plasmid does not affect

strain growth.

There is a limit on the

internal concentration

of bacteriocin

molecules that is

feasible. This stops

bacteriocin production

when a threshold has

been reached.

Bacteriocin production

stops at the point lysis

is induced. This likely

leads to a slight

underestimation of the

total bacteriocin

molecules released, as

not all cells are lysed

instantaneously after

the addition of the

inducer.
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Models Secretion Lysis

Bacteriocin degradation

is negligible. No

degradation terms for

intracellular or secreted

bacteriocins are

included in either

model.

Lysed cells release

100% of the

bacteriocins they have

produced. In reality, it

is possible that some

bacteriocins are not

released during lysis.

For the secretion model, bacterial growth was simulated as given in equation

(5.1):
dy
dt

= y s(t) ·µEc ·
1− y s(t)

A
(5.1)

Where y s(t) is the optical density at each timepoint in the secretion model, µEc

is the bacterial growth rate and A is the maximum carrying capacity. Bacteriocin

molecules were then produced at a constant rate, as given in equation (5.2):

mb(t) = mb(t −1)+(y(t) · kp) (5.2)

Where mb is the total number of bacteriocin molecules produced at each timepoint

and kp is the rate of bacteriocin production. For the lysis system, the logistic growth

in equation (5.1) was modified to include a lysis term resulting in equation (5.3):

dy
dt

= y l(t) ·µEc ·
1− y l(t)

A
− (y l(t) · kl) (5.3)

Where kl is the rate of cell lysis and is adjusted such that kl = 0 before the addition

of the arabinose inducer. Bacteriocin production up to the point of induction was

modelled using equation (5.2). The number of bacteriocin molecules released after

lysis-induction was simulated by multiplying the number of bacteriocin molecules

produced at the point of induction by the fraction of lysed cells, as given in equation
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(5.4):

mr(t) = mb(ti) · cl(t)/ct (5.4)

Where mr(t) is the number of released bacteriocin molecules, mb(ti) is the number

of intracellular bacteriocin molecules at the time of induction, cl(t) is the number of

lysed cells at time t and ct is the total number of cells.

The differential equations for the lysis model are shown below. Growth is

modelled through a logistic growth equation

dy l
dt

= r · y l ·
(

1− y l
K

)
,

where y l is the optical density (bacterial population size) in the lysis population, r

is the growth growth rate and K is the carrying capacity. The induction of lysis is

modelled through an inducer-lysis model

dy l
dt

= r · y l ·
(

1− y l
K

)
− lysis factor · y l,

where lysis factor = lytic rateif t ≥ induction time, otherwise lysis factor = 0

All parameter estimates are given in Table 5.2 below. For rates of production

and lysis the values used were rough estimates from Bionumbers [240]. The values

for growth rates, starting OD and carrying capacity were chosen to match the growth

curves observed with the PACMAN [90] bacteriocin expression strains.

Table 5.2: Parameter descriptions and values

Parameter Description Units Value

µEc Growth rate of E. coli min−1 0.005 - 0.025
y(0) Starting optical density OD 0.05
A Maximum carrying capacity OD 0.6
kp Rate of bacteriocin production mols ·min−1 -
kl Rate of cell lysis OD ·min−1 -

Validating the production of functional bacteriocins in wet-lab experiments has

proven challenging. This model serves as a guide to pinpoint the optimal arabi-
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nose induction time, aiming to maximise the concentration of bacteriocin produced

within host cells.

The timing of lysis circuit induction is critical. Figure 5.9 presents simulations

of three different arabinose induction times: 2 hours (Figure 5.9A), 8 hours (Figure

5.9B), and 16 hours (Figure 5.9C). Early induction (Figure 5.9A) does not allow

sufficient bacterial growth. The simulations show that longer growth periods for

engineered host cells result in increased bacteriocin production, with cells reaching

their maximum intracellular bacteriocin levels by approximately 14 hours (Figure

5.9D).

The simulations suggest that secretion systems yield a higher overall bacte-

riocin concentration (Figure 5.8). Assuming complete secretion of bacteriocins,

the secretion system achieves extracellular levels of approximately ≈ 1.6 x 1013

molecules (Figure 5.8, Figure 5.10), with optimal production observed around 8

hours (Figure 5.8B). In contrast, the lysis system reaches extracellular bacteriocin

levels of approximately ≈ 0.55 x 1013 molecules at 8 hours (Figure 5.9B), which

is about 3-fold less than the secretion system at the same time, and ≈ 1.0 x 1013

molecules at 16 hours of arabinose induction (Figure 5.9C). From these simulations

it is clear that the lysis system will produce less bacteriocin than the secretion sys-

tem (Figure 5.10) this is important when conducting wet lab experiments, as it may

be harder to identify active bacteriocin from the lysis systems.

As anticipated, increasing the growth rate of the host strain correlates with

higher bacteriocin concentrations. In these models no fitness burden was assumed

for the lysis plasmids, in practice this may not be the case. This may further affect

the amount of bacteriocin released. This highlights the importance of considering

strain fitness when optimising antimicrobial activity.
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Figure 5.8: Model of the amount of bacteriocin released by secretion
A) Simulated bacterial growth rates. Different bacterial growth rates were tested
to observe the effect on the bacteriocin production. B) The simulated bacteriocin
production that corresponds to the relevant growth rate is displayed. The faster the
growth rate the faster the maximum amount of bacteriocin was produced. However,
the time taken to reach the maximum growth rate between 0.025, 0.02, and 0.015
is quite small. There is a bigger effect on bacteriocion production observed with
the slowest growth rates 0.0 and the biggest effect observed on bacterial growth and
bacteriocin production with the slowest growth rate 0.005. The grey dotted line
intercepts the 8 hour induction point of the same growth rate as the simulated lysis
circuit shown in Figure 5.9.
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Figure 5.9: Model of the amount of bacteriocin released by lysis
The top panels show the bacterial cell growth over time and the proportion of live
cells to lysed cells. The growth rate (dark blue) and the bacteriocin produced (lime
green). A) Arabinose induction at 2 hours induction, B) 8 hours induction, and
C) 16 hours induction. The bottom panels show the amount of bacteriocin that is
intracellular (yellow) and extracellular (purple). The grey dashed line is the carrying
capacity of the cell. Arabinose induction is the turquoise dashed line. D) the final
count of the bacteriocin produced at each simulated arabinose induction time point.
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Figure 5.10: Model of the amount of bacteriocin released by the secretion system ver-
sus the lysis system

Bacteriocin release by the secretion system (yellow) and the lysis system (purple)
over time. The secretion system continuously releases bacteriocin and the lysis sys-
tem only releases upon induction. The growth rate is set to 0.015 for both systems
and lysis induction is set to 8 hours.
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5.2.7 Growth analysis of bacteriocin-producing plasmids

Following the characterisation of the Lysara lysis circuit, the next steps involved the

construction and testing of bacteriocin-producing plasmids. The bacteriocins Aure-

ocin A53, Bactofencin A, and Garvicin ML were initially expressed from pUC57

plasmids, under the control of a T7 system, and induced by IPTG. Furthermore, Au-

reocin A53 (A53:moclo and A53ns:moclo) and Garvicin ML (garML:moclo) were

successfully integrated into the MoClo modular cloning system, while attempts to

clone Bactofencin A into the MoClo system were unsuccessful.

Given the modelling predictions of the Lysara circuit, it was hypothesised that

the fitness of engineered strains would impact their growth rates, and thus bacteri-

ocin production. To investigate this, the growth of engineered strains was compared

to non-engineered host strains, cultured under bacteriocin-expressing conditions.

Growth was monitored over 16 hours through optical density (OD700nm) measure-

ments (Figure 5.11A,B,C).

The engineered strains were divided into two categories: those with consti-

tutive bacteriocin expression and those with inducible expression. The exception

was the strain producing MccV, which expressed the bacteriocin constitutively but

was not constructed using the MoClo system. Some engineered strains exhibited

growth rates comparable to their host controls. For example, the strain containing

the MccV MoClo plasmid (mccV:moclo) showed no growth defect relative to its

host, JW2142 (Figure 5.11B). In contrast, strains engineered to express Aureocin

A53, Bactofencin A, and Garvicin ML displayed reduced growth compared to their

host controls.

In E. coli NEBExpress, the non-engineered host entered exponential phase at

approximately 1.5 hours, reaching a final OD700nm of ≈ 0.6. Similarly, the strain

containing the MccV MoClo plasmid exhibited comparable growth. However, the

strain carrying the Aureocin A53 MoClo plasmid (A53:moclo) showed delayed ex-

ponential phase entry at ≈ 4 hours and reached a lower final OD700nmof ≈ 0.5. The

strain producing Garvicin ML demonstrated even slower growth, entering exponen-

tial phase at ≈ 5 hours and achieving a final OD700nm of ≈ 0.45. To address potential
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issues caused by the MoClo system’s scar sites, short DNA sequences between ge-

netic elements, a scarless Aureocin A53 plasmid (A53ns:moclo) was constructed.

This strain appeared to grow better than the control (Figure 5.11A). However, vis-

ible cell debris in the wells interfered with OD700nm readings, a feature confirmed

by observing the overnight cultures of this strain, where clustered cell debris was

clearly visible in the medium.
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Figure 5.11: Engineered strains have a growth burden compared to controls
Engineered strains were characterised in a growth fitness test compared to the non-
engineered host controls. All host strains are E. coli. A) Strains that were built in
NEBExpress. The host control shown here is NEBExpress (dark blue line). Insert:
NEBExpress engineered host containing the A53ns:moclo plasmid. B) Strains that
were built in the host control, JW2142 (purple line). C) Strains that were built in
the host control, BL21(DE3) (blue line). Measurements are OD700nm, the lines are
the median of triplicate data, and ribbons are the standard error of the median.
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In E. coli BL21(DE3), growth of the inducible bacteriocin-producing strains

followed a different pattern. All strains, including the host, entered exponential

phase at ≈ 2 hours (Figure 5.11C). However, the engineered strains failed to reach

the same final OD700nm as the host (final OD700nm) ≈ 1.2). The strain containing

pUC57:garML reached ≈ 0.9, while pUC57:A53 and pUC57:BactA reached ≈ 0.75

and ≈ 0.6, respectively. Additionally, the OD700nm readings for these strains were

noisy due to the presence of cell debris, likely resulting from cell lysis observed

during the experiment.

Overall, while the MccV-producing strain showed no fitness defect either in

its MoClo format or the non-MoClo format, strains expressing Aureocin A53,

Bactofencin A, and Garvicin ML exhibited reduced growth rates compared to their

hosts. The scarless A53ns:moclo plasmid showed promising results but suffered

from artifacts caused by cell debris. In E. coli BL21(DE3), inducible strains demon-

strated consistent exponential phase entry but failed to reach the same final growth

levels as the non-engineered host. This gives some insight into the fitness cost

of producing different bacteriocins in different hosts and with different expression

platforms. It highlights that potentially it may not be possible to find one expression

approach for all bacteriocins.

5.2.8 Successful mRNA expression of constructed bacteriocin

expressing plasmids

The next critical step after sequencing the constructed plasmids was to determine

whether the circuits were functioning as intended. Quantitative PCR (qPCR) was

chosen as the optimal method to confirm successful transcription from the con-

structed plasmids.

The qPCR results confirmed that both the reduced plasmid (derived from the

pMPES AF01 plasmid [87], containing MccV and Cvi) and the MoClo plasmid

(also containing MccV and Cvi) successfully expressed mRNA (Figure 5.12) at

levels comparable to the positive control plasmid, SPoCK1 (pMPES AF01) [87].

For MccV expression, SPoCK1 and MccV(moClo) both displayed fold changes of
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4.2, while the reduced plasmid MccV had a fold change of 2.8. For Cvi expression,

SPoCK1 and MccV(moClo) reached fold changes of approximately 4.3, while the

reduced plasmid had a fold change of 2.8. These results demonstrate that tran-

scription from both the MoClo and reduced plasmids is robust and comparable to

established systems.

Despite these transcriptional results, post-transcriptional and post-translational

challenges appeared to impact bacteriocin activity. While SPoCK1 exhibited killing

activity, no killing of sensitive strains was observed with either the reduced plasmid

or the MoClo plasmid.

The lack of observed bacteriocin activity is likely due to differences in release

mechanisms. Unlike SPoCK1, which secretes MccV, the reduced and MoClo plas-

mids rely on lysis mediated by the Lysara system. This lysis-based release bypasses

essential post-translational modifications, such as the formation of disulfide bonds,

which are critical for bacteriocin functionality. Disulfide bonds typically form in

the periplasm [241], and their absence renders the bacteriocin inactive. To address

this issue, it is proposed that disulfide bond-forming agents, such as glutathione

(GSH) [242], be added during arabinose-induced lysis to facilitate proper folding

and restore bacteriocin activity.

In the case of Aureocin A53, the pUC57-A53 plasmid exhibited higher mRNA

expression (fold change of 3.5) when compared to the MoClo plasmid expressing

A53, which showed a fold change of 1.8.

A reverse trend was observed for Garvicin ML expression. The MoClo plas-

mid expressing Garvicin ML (GarML(moClo)) showed a higher fold change (5.2)

compared to the pUC57-GarML plasmid (4.2). However, despite high mRNA lev-

els, no killing activity was detected for GarML(moClo).

The qPCR results underscore several challenges affecting bacteriocin produc-

tion and activity, particularly those related to post-translational modifications and

plasmid design. Addressing these issues will be essential to improve the reliability

and efficacy of the system.
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Figure 5.12: Engineered strains are successfully producing mRNA of selected bacteri-
ocins

Fold changes for mRNA expression of bacteriocins tested. Fold changes are relative
to the negative controls and adjusted to the house keeping gene rrsA. The bars are
the mean fold change, the error bars are the standard error of the mean. There are a
minimum of 3 replicates for each condition.
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5.2.9 Homology match between the MoClo plasmids and the

E. coli chromosome

To identify other potential issues that could be responsible for the lack of observed

killing in the bacteriocin expressing plasmids, the next step was to complete ho-

mology mapping. This revealed sequence similarities in the terminator of the Au-

reocin A53 plasmid construct (A53:moclo) (Figure 5.13). The terminator, B0015,

had multiple regions of homology with the E. coli genome, which could lead to

unintended recombination or interference. To address this, the terminator was re-

placed with non-homologous sequences such as LS32PI1. It was hypothesised that

this would fix issues with protein expression through blocking of any unintended

recombination.

Another potential factor interfering with the formation of functional proteins

could be the scar sites present in the MoClo plasmids. To address this, a scar-

free Aureocin A53 plasmid (a53ns:moclo) was constructed. However, when this

plasmid, which lacked scar sites and contained the non-homologous terminator

LS32PI1, was sequenced, it revealed a 954 bp insertion. A BLAST search on NCBI

identified this insertion as an IS4-like element, specifically the ISVsa5 family trans-

posase, which had integrated between the kanamycin resistance gene and the origin

of replication. These are mobile genetic elements capable of excising and inserting

themselves without requiring DNA homology [243].

5.2.10 Lysara & bacteriocin expression successfully kill a sensi-

tive strain

To test the functionality of the Lysara circuit in conjunction with bacteriocin pro-

duction, a dual transformation approach was employed. Cells were transformed

with the pUC57-Aureocin A53 and pUC57-Bactofencin A plasmids along with the

Lysara lysis circuit. Cultures were initially induced with IPTG to activate bac-

teriocin expression from the pUC57 plasmids. After three hours, sufficient time

for bacteriocin protein synthesis [239], arabinose (10 mM) was added to induce

the Lysara lysis circuit. The cultures were incubated for an additional two hours
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Plasmid:
A53:moclo

E. coli (DH5α)

Figure 5.13: Regions of homology between the terminator in the designed moclo cir-
cuits and the host E. coli strains

The genome map (purple circle) shows regions of homology between the termina-
tors being used in the moclo circuits and the initial host E. coli DH5α strain. This
is the strain that is designed to be highly competent so is the strain used to build the
MoClo constructs.

to allow complete cell lysis before proceeding with centrifugation and ammonium

sulphate precipitation to isolate the bacteriocins.

The extracted bacteriocin containing supernatant was applied to a lawn of

B. subtilis and zones of killing were assessed. Observations revealed distinct zones

of inhibition (Figure 5.14B), with Aureocin A53 producing a significantly larger

zone of killing compared to Bactofencin A. Quantitative measurements of the zones

(Figure 5.14A) further supported these observations: the control (cells containing
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only the Lysara lysis circuit) produced a killing zone of 35 mm², which likely repre-

sents non-specific effects from lysed cell contents. In contrast, Bactofencin A gen-

erated a zone of 93 mm², while Aureocin A53 demonstrated a substantially larger

zone of 140 mm².

The other engineered constructs were tested in isolation, without the lysara

circuit (Figure 5.14C, D). These engineered systems constitutively produce bacteri-

ocins. They were cultured for 4 hours and then prepared for sonication to mechani-

cally lyse open the cells. However, there was no evidence of any active bacteriocins

in the collected supernatant, as there were no zones of killing present on the tested

lawns. The A53 producing MoClo strains were tested against the indicator strain

B. subtilis 168 and the MccV producing MoClo strain was tested against the indi-

cator strain E. coli BW25113. These strains were not taken forward from this point

as there was no sign they were producing functional bacteriocins.

Overall, while some engineered strains did not demonstrate killing of indicator

strains, these results confirm that the Lysara lysis circuit successfully facilitates the

release of functional bacteriocins capable of effectively targeting sensitive strains.

Unlike naturally occurring systems [70], or previously engineered bacteriocin ex-

pression platforms [90], this approach does not rely on secretion tags or specialised

export mechanisms. Instead, the lysis system effectively releases multiple bacte-

riocins while enforcing biocontainment by lysing the host cell during bacteriocin

delivery.
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Figure 5.14: Lysara & bacteriocin dual expression successfully kill B. subtilis
A) the mean area of the zone of killing on the sensitive strain. The grey error
bars are the standard error of the mean. For the Lysara:Aureocin A53 there are
three replicates, for the Lysara:Bactofencin A, there are two duplicates, and for the
control there is no mean or standard error as only one replicate is plotted. Panel
B) the corresponding images of the zones of killing on a B. subtilis lawn (sensitive
indicator strain) for each condition; Lysara:Aureocin A53, Lysara:Bactofencin A,
and the control, Lysara circuit only. Panels A) and B) are from the ammonium
sulphate precipitation of the dual plasmid systems, other than the lysis control which
is Lysara only (single plasmid). Panel C) the engineered strains tested on sensitive
lawn of B. subtilis. Panel D) the engineered strains tested on sensitive lawn of
E. coli. For C) and D) these are the bacteriocin-producing plasmids, the cells were
mechanically lysed via sonication.
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5.3 Discussion

The work in this chapter represents a step forward in the development of engineered

lysis systems and bacteriocin-producing plasmids. It demonstrates both the suc-

cesses and challenges associated with advancing modular synthetic biology tools.

The Lysara circuit, combined with bacteriocin-expressing plasmids, enabled the ef-

fective release of functional antimicrobial peptides, as evidenced by the clear zones

of killing observed (Figure 5.14B). Notably, the Lysara:Aureocin A53 system dis-

played robust activity against indicator strains, validating its potential for targeted

bacteriocin delivery. While less potent than Aureocin A53, Bactofencin A also

demonstrated clear activity against indicator strains when delivered via the Lysara

system. The differences in bacteriocin efficacy may be attributed to inherent po-

tency or release efficiency through the Lysara system, both of which warrant further

investigation.

Key achievements include the successful integration of the arabinose inducible

Lysara circuit with bacteriocin production (Figure 5.14), the utility of GFP as a

proof-of-concept reporter for protein release (Figure 5.7B), and the identification

of critical dependencies on induction timing and arabinose concentration (Figure

5.5A-F). These findings underscore the importance of tightly regulated lysis sys-

tems in achieving precise control over bacterial population dynamics and protein

release, crucial for future bio-therapeutic applications, such as engineered live bio-

therapeutics.

However, several challenges were encountered. Resistance development and

variability in lysis efficiency across experimental conditions were notable hurdles.

The use of arabinose as an inducer introduced regulatory complexity as it can serve

as a carbon source for cells, leading to variable responses. This was further sup-

ported by the emergence of resistance (Figure 5.6), suggesting the Lysara system is

susceptible to mutational escape. Sequencing of the transcriptional unit confirmed

no mutations in the φX174E lysis gene E, implying that escape likely occurred in

the slyD locus, a known mechanism for evasion of φX174E, induced lysis [237].

Whole-genome sequencing could confirm this hypothesis. Potential solutions in-
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clude reducing selective pressure through weaker promoters or optimising the pro-

moter system.

Initial exploration of an IPTG-inducible system was abandoned due to pro-

moter leakiness and subsequent resistance in host strains (Figure 5.1). Arabinose

was selected next as it has shown promise as a sweetener replacement in food and

drink [244], making it safe for use in humans. It was further beneficial as the arabi-

nose inducible system could be dampened with glucose (Figure 5.4), complications

likely arose from arabinose utilisation as an energy source. A more suitable inducer

for in vivo use, such as anhydrotetracycline (aTc), may address these issues. Recent

work has demonstrated the utility of aTc-inducible circuits for therapeutic deliv-

ery, with complete repression in the absence of aTc and effective induction upon

addition of the inducer, alongside methods to detoxify tetracyclines from samples

[245].

Due to time and resource constraints, the number of bacteriocins tested was

limited. Future work should expand the repertoire of bacteriocins, focusing on

those with profiles similar to Aureocin A53 and Bactofencin A, which do not re-

quire post-translational modifications or secretion peptides. From the plasmids that

did not work (Figure 5.14C, D), it became clear this was likely due to the lack of

post-translational modifications e.g. disulphide bond formation that is required for

folding and happens in the periplasm, a step that is skipped in the Lysara system.

Optimising bacteriocin concentrations is also essential. For instance, concentration

curves for Aureocin A53 indicated that oncopathogenic strains such as F. nucleatum

and B. fragilis were less sensitive to Aureocin A53 compared to the gram-positive

indicator strain B. subtilis (Figure 4.5). This was further corroborated by the zones

of killing observed with the Lysara:Aureocin A53 system, which produced a 13.35

mm diameter zone of killing against the gram positive B. subtilis (Figure 5.14B).

These findings align with previous work showing larger zones of killing (22–24

mm) against the gram positive Listeria monocytogenes in the dairy industry [208].

Despite the promising results, the reliance on cell lysis for bacteriocin release

raises questions about scalability, consistency, and trade-offs between growth and
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lysis. While some systems have achieved lysis with repeated re-induction capabili-

ties such as the synchronised lysis circuit [120], this was not observed with Lysara

and could be an area for future investigation. Additionally, co-culture experiments

with susceptible strains may provide further insights, as lawn assays and concen-

tration curves suggest higher bacteriocin efficacy in liquid media compared to solid

media assays.

In wet-lab experiments, the lysis circuit has displayed inconsistent behaviour

across replicates, with the circuit failing to respond when the inducer is added at

later time points. This inconsistency is likely due to insufficient arabinose availabil-

ity at higher optical densities, where arabinose may be metabolised as an energy

source instead of inducing the circuit. This phenomenon is not currently captured

in the lysis model but could be replicated by adjusting the lysis rate as a function of

induction timing.

In summary, the Lysara system demonstrated strong potential, enabling

arabinose-induced lysis, effective delivery of functional bacteriocins against in-

dicator strains, and functioned well as a bio-containment mechanism. However,

resistance development, variability in responses, and suboptimal bacteriocin con-

centrations need to be addressed. Future efforts should focus on identifying in vivo

compatible inducers, optimising induction timing to improve bacteriocin yields, and

expanding testing in co-culture systems to maximise the therapeutic potential of the

Lysara:Aureocin A53 system.
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— Taylor Swift, The Tortured Poets Department
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6.1 Introduction

Responsible research and innovation (RRI) is an integral part of scientific research.

It has the ability to ensure the research being conducted is desired by relevant stake-

holders and that it delivers on its promises, while minimising future negative out-

comes. As stated by the Engineering and Physical Sciences Research Council (EP-

SRC), RRI accepts that scientific research can: raise questions and dilemmas, be

ambiguous, and be unpredictable [246]. To address these points, stakeholders of

the research need to be involved early in the experimental process. This aligns with

the EPSRCs Anticipate, Reflect, Engage, Act (AREA) framework [247]; where,

through stakeholder engagement, research can be modified and ultimately provide

a greater benefit to the end users.

In the field of engineering biology, public acceptance has been identified as a

general block to advancements in the field [248]. This stresses the need for public

engagement early during research to identify and mitigate any concerns that may

not have been envisioned by the primary researchers. This is in alignment with

the EPSRC RRI initiative and recent studies by the European commission (EC),

which encouraged consulting the public on research regarding genetic techniques

[249]. Within this study we look at public perceptions of microbiome engineering,

specifically for the design of new cancer therapeutics.

Microbiome engineering falls under the broad umbrella of genetic engineering,

as it often involves the genetic modification of microbes [250]. Although not yet

commonly available, many engineered microbes are undergoing human clinical tri-

als [251]. Despite this promise, and the likely imminent approval of some of these

products, there has been limited research exploring the public’s attitudes towards

these technologies.

In light of this current lack of knowledge, we can look towards previous works

on genetically modified (GM) foods as a comparison of general public opinion of

genetically engineered products. A sizeable portion of the general population will

have come into contact with GM foods, so it is a useful starting point for explor-

ing public attitudes towards genetic engineering as a whole. Public attitudes to-
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wards GM foods are complex, with concerns ranging from unexpected long term

health consequences to unintentional environment harm. People want to be aware

of where and when genetic modifications are being used in the food chain, from

genetically engineered animal feed given to livestock to genetically engineered sub-

stances present in the final edible product [252]. Furthermore, the public appear to

have a greater awareness of the limitations of genetic modifications than they do for

the benefits. In some cases, even when the benefits are known, their influence does

not outweigh the negative perceptions [253].

Ultimately, GM foods differ from the proposed eLBT medicines both in com-

position and intended purpose. Although there is some research suggesting that the

application of the GM product is less important than the type of gene manipulation

involved [254], other research suggests that, within the EU, the way the GM prod-

uct is applied greatly influence the acceptance of the technology [255]. In addition,

it appears that the application of genetic modifications in the context of medicine

meets with higher approval than other fields of genetic engineering, including GM

foods [256, 257].

An early assessment of sustainability can be used to identify aspects of a re-

search project that need addressing. The results, presented in a RADAR diagram

created by the Manchester RRI team, were the first step in this project looking at the

views of relevant stakeholders. The RADAR diagram provided numerical scores for

project elements and was supported by an initial purposive sampling study.

In the case of engineered live biotherapeutics, the primary stakeholders will

be cancer patients. To date, there have been many studies investigating public at-

titudes towards genetic engineering in foods but few exploring genetic engineering

in the context of the microbiome and cancer treatment. The EC’s stance on public

engagement on genetic techniques coupled with the EPSRC AREA framework, and

the current lack of evidence, led us to launch a survey to assess attitudes towards mi-

crobiome engineering as a general principle and, more specifically, for the creation

of novel cancer therapeutics.

There was one overall aim of this work, to assess current attitudes to micro-
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biome engineering in the context of cancer treatment. There were two hypotheses

associated with this aim. It was hypothesised that: H1. Individuals that have been

personally affected by cancer, are more open to new treatments (H1). H2. Individ-

uals are more comfortable with items they perceive as “natural” over “engineered”

bacteria (H2).

6.2 Results

6.2.1 Quantitative survey design

The survey was created using Opino software, with access provided by UCL. The

survey questions were designed to ascertain current attitudes of the general public

towards using engineered live bacteria in medicine, specifically as part of cancer

treatments. The survey contained 21 questions, including the choice to consent, and

encompassed quantitative and qualitative question types, from multiple choice tick

box answers to open text answers, and questions requiring the participant to rank

choices. The first section of the survey contains questions relating to current cancer

treatments, the second section of the survey assesses participants prior knowledge

on probiotics and microbiome engineering, the final section of the survey measures

participants comfortability with different / new concepts for example, CAR-T cell

therapies. All patients had to be over the age of 18 and informed consent was

obtained from all respondents.

6.2.2 Survey distribution

The survey was promoted on the Cancer Research UK Patient Involvement webpage

https://www.cancerresearchuk.org/get-involved/volunteer/patient-involvement/

involvement-opportunities/survey-can-we-engineer-live-bacteria-to-treat-cance

r). The survey was also advertised on email newsletters by the Patient Experience

Research Centre https://www.imperial.ac.uk/patient-experience-research-centre/

and Independent Cancer Patients Voice Network http://www.independentcancerp

atientsvoice.org.uk/. The survey was also shared and re-tweeted on X (formerly

Twitter). The survey questions are available in the appendix (E).
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Table 6.1: Definitions of key terms

Word Definition

Bacteria Bacteria are small organisms, or microscopic living things,
that can be found in nearly all natural environments. They
live on our skin and inside our bodies. Some bacteria may
cause infection and disease. However, many other bacteria
help us to digest our food, produce vitamins (such as B12
and K) and fight off other bacteria.

Probiotics Probiotics are live microorganisms (such as bacteria) that
are intended to have health benefits when consumed or ap-
plied to the body. They can be found in fermented foods,
dietary supplements, and beauty products. Probiotics have
so far shown some promise in the treatment of diarrhoea,
bacterial vaginosis, and irritable bowel syndrome (IBS).

Microbiome En-
gineering

A microbiome is a community of microorganisms (bacte-
ria, fungi, etc.) that live together within a specific environ-
ment, like the human gut. Microbiome engineering aims to
modify these communities in a predictable way, for exam-
ple, for the treatment of diseases within the body. There are
currently many ongoing clinical trials for the treatment of
disease with live microorganisms.

GMO A genetically modified organism (GMO) is any organism
which has had its genetic material, or DNA, modified in a
laboratory. Genetically modified crops are routinely pro-
duced and consumed in the USA, though not yet in the UK
and Europe. As microbiome engineering may involve the
use of GMOs, the following questions will explore your
opinions on the use of GMOs.

6.2.3 Data analysis

The survey Closed on 31st December 2022, 23:59. The collected data was down-

loaded using Opinio software as an csv file and quantitative data analysis performed

in R (version: 4.1.2). Incomplete submissions and respondents with no personal

connection to cancer (either first or second hand) were removed from further anal-

ysis.

For qualitative data, in the form of short text answers, thematic analysis was

conducted [258]. This analysis was performed following the 5 steps of thematic

analysis as detailed by Braun and Clarke 2006 [258]: 1, read the data and identify
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codes, 2, code the data, 3, identify themes, 4, review the themes, 5, define and name

the themes (6.2). An inductive coding approach was used as this is data led and we

did not know what themes to expect (deductive coding) (6.2.

Theme Definition
Trust Explicit mentions of trusting health care professionals and

their recommendations.
Social connection Considering the impact of this technology on the self and

on other people.
Optimism Positive tone in responses towards microbiome engineering.

There is excitement and hope towards these technologies.
Understanding Participants express their lack of knowledge or desire for

more information on a topic that is new to them.

Table 6.2: Themes and their definitions identified during the thematic analysis of the qual-
itative open text responses in the survey.

Statistical analyses was performed in R (version: 4.1.2). Firstly, the responses

to each question were grouped into comfortable (mildly comfortable and very com-

fortable), uncomfortable (mildly uncomfortable and very uncomfortable) and un-

sure (do not know and neutral). A Fisher’s Exact test was then performed on the

grouped responses for each relevant question 6.2.11. All conditions tested were as-

sessing against whether the respondent was comfortable with using eLBTs to treat

cancer in future.

Data visualisation was performed in RStudio (version: 2022.07.2, [136]), us-

ing the ggplot2 package[137] and Adobe Illustrator (version: 28.5).

6.2.4 RADAR diagram

The following definitions (6.3) were used to construct the RADAR diagram in col-

laboration with the Manchester based RRI team as part of the early assessment of

sustainability workshop hosted as part of the CDT in BioDesign Engineering [259].
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Table 6.3: Definitions and descriptions of the terminology used in the early assessment of
sustainability

Keyword Description/Definition
feedstock sources, availability, cost, geography, community, and envi-

ronmental impacts
process extraction/purification, cost, intellectual property, industrial

disruption, and consumer responses
product/outcome functionality, characteristics, cost, market competitiveness,

geography, community, consumer response, environmental,
and end-of-life implications

Traffic Light System
Green This project looks good for this aspect given current under-

standing.
Amber There is not enough yet known to judge whether this

project/target will deliver satisfactorily for this aspect.
Red The current evidence suggests this project will face prob-

lems for this aspect.
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6.2.5 Limitations of study

This study was designed as a preliminary exploration of public opinion towards mi-

crobiome enegineering technologies. The study did not collect any ethnicity, socio-

economic or geographical data. Coupled with the limited number of responses to

this survey, it is not possible to draw detailed conclusions of how different factors

impact on a the publics willingness to accept these new technologies.

6.2.6 Literature search

Search terms “public attitude microbiome engineering” “public attitudes genetic

engineering”, “public attitudes genetic engineering medicine” On Google Scholar

and NCBI.

6.2.7 Study Design

The use of purposive sampling was to ensure the survey was fit for purpose and

that the questions put to the public would answer the hypothesis we designed (Ap-

pendix E). There were 108 complete responses from the trial of purposive sampling.

This was expected because the purposive sampling was primarily friends and fam-

ily. The majority of respondents were 18 - 39 years old (Figure 6.1A) and were

predominantly associated with cancer through a second hand relationship (Figure

6.1B). Surgery ranked as the most comfortable cancer treatment option available,

closely followed by immunotherapy. Unsurprisingly, doctors were ranked as the

most trustworthy source of information and the large pharmaceutical companies the

least trustworthy. In these groups most people have heard of and understand the

benefits of probiotics but were almost split 50:50 regarding awareness of the limita-

tions. More than 70 respondents said they would/do take probiotics to supplement

their diet and/or to treat a medical condition. Importantly, 75% of respondents said

they approve of microbiome engineering technologies (Figure 6.1C). This dropped

for approval of GMO foods to 54% (Figure 6.1C) which, as discussed previously, is

expected as public acceptance of GMO is generally lower. Promisingly, using en-

gineered human cells and natural bacterial cells to treat cancer was met with great
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support, over 80% of respondents felt comfortable using either of these (Figure

6.1D). Only slightly less was observed for engineered bacterial cells, at 76% (Figure

6.1D). These initial purposive sampling results gave some insight into what would

be expected of the formal public engagement survey. However, as mentioned, this

sampling contained friends and family, university attendees, and healthcare pro-

fessionals to a higher extent. This explains the overwhelmingly positive attitude

towards microbiome engineering observed in these results. These results do not

reflect the general public, by age, cancer relationship, or background. However,

the purposive sampling ensured the functionality of the survey and enabled initial

testing of the output. This lead to the successful launch of the survey onto publicly

available platforms.

6.2.8 Demographics of survey respondents

The survey received a total of 102 full responses. Due to the small sample size,

responses from participants that had no connection to cancer (5) were removed from

further analysis. More than half of the remaining participants were over the age of

60 (59%). A quarter of participants were between 40 and 59 years old (24.4%), the

remaining participants were between the ages of 18 and 39 years old (16.5%). A

full breakdown is given in figure (6.2). This was a better spread of ages compared

to the purposive sampling, but leaned more towards the older age bracket.
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Figure 6.1: Initial results from the purposive sampling are not representative of the
general population

A) Age distribution of the participants of the purposive sampling. B) The partici-
pants relationship to cancer, 1st hand being they have had cancer, 2nd hand being
they know a close relation (friend or family) who has had cancer, or no personal
connection. C) The number of participants who approve of microbiome engineer-
ing and GMO foods as a principle. Mildly approve and strongly approve were
combined for this. D) The number of participants who are comfortable with using
engineered human cells, natural bacteria or engineered bacteria. Mildly comfortable
and very comfortable were combined.
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Figure 6.2: Demographic information collected from the survey
The demographics of the participants of the survey. A) The ages of the participants.
B) The relationship to cancer for each participant. ‘No connection to cancer’ was
removed as the sample was too small and would contaminate the rest of the results.
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6.2.9 Prior knowledge of concepts

All participants were provided with definitions of the key concepts explored in the

survey (these definitions are provided in the Supplementary Information) and then

asked to state whether they had previously heard of the topics. The majority of

respondents (95) had previously heard of probiotics. It is clear that probiotics are

a well known concept; for example the term ‘probiotic’ is often associated with

dairy foods. In addition, during the initial Covid-19 outbreak, market reports pre-

dicted an increase in interest of probiotics within the food industry as the public

associated probiotics with increased immune health [260]. This was confirmed by

a Chr. Hansen study, which highlighted the consumer view of probiotics and pos-

itive views on how live bacteria can benefit human health [261]. This was further

reflected by the fact that 86 respondents indicated they were aware of the proposed

benefits of probiotics, whereas only 41 were aware of the limitations. This may

indicate that probiotics do not have the negative connotations that surround GM

foods. A further 72 respondents reported they would be comfortable taking probi-

otics as part of their diet, but only 64 would be comfortable taking them to treat a

medical condition (Figure 6.3). This conflicted with some of the open comments,

which suggested greater comfortability with genetic engineering in the context of

medicine. One respondent also highlighted a perception that the regulatory gover-

nance of medicine is more robust than that of food products:

“I am far more comfortable as I believe the regulatory rigour / approval /

testing etc to be higher” – 2nd hand experience of cancer (40-59 age group).

In contrast to the widespread knowledge of probiotics, only 49 respondents

had previously heard of microbiome engineering- suggesting the term is not yet

commonly known.

6.2.10 Attitudes towards current cancer therapies

Firstly, we set out to check which sources prospective patients would trust for ad-

vice on cancer treatment. Overall doctors and clinicians were ranked as the most
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Figure 6.3: Comfortability of taking probiotics
A) Gauging the previous knowledge of the respondents regarding probiotics, their
benefits and limitations, and microbiome engineering. B) Whether the respondents
would be comfortable taking probiotics, either as part of their diet or to treat a
medical condition.

trustworthy source (Figure 6.4A) this followed the same pattern of the purposive

sampling results.

Pharmaceutical companies were ranked as the least trustworthy. This corrob-

orates previous studies which investigated patient trust in healthcare professionals

[262]. This is important as it highlights the sources of information patients trust

and how future policy makers would be best positioned to deliver information on

new therapeutics going forward. The theme of trust was prevalent in the open text

answers, where the word was explicitly used 10 times. Many comments focused on

trust in medical teams, with respondents indicating they are open to new treatments

that are recommended by their clinicians:

“I’m intrigued and if my consultant recommended such treatment, I would
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consent to it.” – 1st hand experience of cancer (40-59 age group).

“I trust the doctors, surgeon and support team (nurses, dietitians etc) to make

the choice that would aim to result in the best outcome for me.” – 1st hand

experience of cancer (40-59 age group)

“I’d be perfectly comfortable if clinician suggested the microbiome route.” –

1st hand experience of cancer (60+ age group)

Next, we explored the cancer treatment options that respondents would be

comfortable taking as part of their treatment plan. Of the treatment options pro-

vided, respondents were most comfortable with surgery, closely followed by im-

munotherapy (Figure 6.4B). This mirrors the previous purposive sampling results.

Chemotherapy and radiation therapy were the most unpopular options. This is likely

due to awareness surrounding the adverse side effects that are associated with these

treatments. Although, it should be noted that over 70% of the respondents still indi-

cated they would be comfortable with these treatments if available to them. Despite

our hypothesis that live bacterial therapy would be a less popular treatment option

(due to a lack of precedent for its use), a total of 77 respondents stated they would

be comfortable with this treatment option. However, the issue of side effects comes

up frequently in the open text comments (16 times). This links to a broader theme of

social connection seen amongst the responses from participants. They are not only

concerned about their own response to new therapies but also about how others may

be affected, especially when potential side effects remain uncertain.

“If the microbiome can be modified in a predictable way that is beneficial to

health I would be very comfortable with their use. However, most treatments

have drawbacks or side effects. Without knowing what these might be I can-

not be sure of whether I am comfortable with the technology.” – 2nd hand

experience of cancer (60+ age group).

“The knowledge of biology of microorganisms and the microbial engineering

techniques need to improve in order to ensure that there are not side effects.”

– 2nd hand experience of cancer (18-39 age group).



6.2. Results 178

0

25

50

75

100

Surgery

Chemotherapy

Radiation therapy

Immunotherapy

Live bacterial therapy

Do not know

Would you be comfortable with the following cancer
treatments if available to you? 

N
o.

 o
f r

es
po

ns
es

Pharmaceutical
companies

Regulatory
bodies

NHS website

Academics

Cancer
charities

Doctors

1 2 3 4 5 6
'Trust' ranking

In
fo

. s
ou

rc
e

No. of votes 10 20 30 40 50

A)

B)

Figure 6.4: Participants trust clinicians
A) The trust square, ranked so that the information source rated the most trustworthy
is at the top, and the least trustworthy is at the bottom. B) Participant responses
on how comfortable they would be with cancer treatments, including live bacterial
therapies.
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”...would want certainty that this would not adversely impact anyone else eg

future generations.” - 1st hand experience of cancer (60+ age group).

6.2.11 Attitudes towards bacterial therapies

Following the positive overall attitude towards live bacterial therapies, we inves-

tigated whether these perceptions changed based on different situations. To this

end, we asked participants to rank how comfortable they would be with using a

number of different technologies (Figure 6.5). The majority of respondents stated

they would be comfortable using microbiome engineering technologies in general.

However, the majority of respondents stated they would be uncomfortable taking

GM foods as part of their diet. This matches with previous responses and studies,

highlighting the negative connotations associated with GM foods. The majority of

participants stated they would be comfortable using engineered human cells to treat

cancer (for example CAR-T therapy) and a similar response was seen towards using

‘engineered’ bacteria to treat cancer. An interesting comment from one participant

highlighted how they had not perceived CAR-T cell therapy as a form of genetic en-

gineering at all, potentially this led to them having less reservations regarding this

kind of treatment over the proposed microbiome engineering techniques presented

in the survey. This is perhaps a reminder that the terms used to describe these future

treatments greatly impact whether or not they are positively perceived.

”Am very comfy with the concept of CAR-T, funnily enough have never

thought of it as genetically modified cells” - 1st hand experience of cancer

(40-59 age group)

Notably, more participants indicated they would be comfortable using ‘natural’

bacterial therapies than either engineering human cells or bacteria. This coincides

with a previous work by the Nuffield Council on Bioethics which found some peo-

ple do view natural medicines as safer, healthier, and more likely to do good than

alternatives [263].

Participants who stated they were comfortable with the use of GM foods were

found to be more likely to be comfortable with the use of engineered bacteria. There
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was a positive correlation between those comfortable using engineered human cells

and engineered bacteria. No significant correlation was found between age or rela-

tionship to cancer and comfort with using engineered bacteria (6.4). A full break-

down of the statistical analysis performed is given in the methods (6.2.3).

A united theme, among many of the free text answers, was the need for more

information. The participants showed the desire to better understand this possible

new treatment option. This theme of understanding, whereby participants expressed

the desire to know more information regarding this treatment, or that they did not

have the knowledge to assess this potential treatment for themselves, was prevalent

across the age groups. There is a need from these participants to better understand

what these treatments are and a need to correct misinformation. In some responses

there was confusion between GM food and live engineered bacteria. This only

serves to highlight how any new treatment needs to be accompanied by information

campaigns, and that this is something patients want.

”It sounds promising, but i would want to know more about a treatment before

accepting it.” - 1st hand experience of cancer (60+ age group)

”Agree with the theoretical principle but would need to have a lot more info

before deciding to use it personally” - 1st hand experience of cancer (40-59

age group)

The final identified theme centred on optimism towards these new therapies,

with 22 comments connected to this theme. Many comments mentioned excitement

and hope that these new therapies could bring about improvements in the current

standard of cancer care.

”Microbiome engineering sounds very promising and far less invasive than

some other treatments.” - 2nd hand experience of cancer (60+ age group)

”I think this would be a huge step forward. Being able to manipulate bacteria

in a way which gets the body itself to fight the disease would be incredible.” -

2nd hand experience of cancer (40-59 age group)
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”I’m a great believer in the human body’s ability to use its own resources to

counteract disease, and this is mobilising them with perhaps a little modifi-

cation to do just that.” - 1st hand experience of cancer (60+ age group)

”Modified bacteria have already shown they hold great potential.” - 1st hand

experience of cancer (60+ age group)

0 25 50 75 100
# of individuals

Response
Unsure

Very Uncomfortable

Mildly Uncomfortable

Neutral

Mildly Comfortable

Very Comfortable

To what extent are you comfortable with using...

...microbiome engineering
technologies

...GMO foods as part
of your diet

...engineered human cells
to treat cancer

...’natural’ bacteria
to treat cancer

...’engineered’ bacteria
to treat cancer

Figure 6.5: Comfortable with microbiome engineering and engineered live bacterial
therapies

The participants responses to how comfortable they would be with using engineered
cells (human or bacterial) in their diet or as part of a treatment plan. The response
options are kept as they appear in the survey.
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Table 6.4: Positive correlations exist between participants’ opinions on GM foods or en-
gineered human cells and whether they are comfortable with using engineered
bacteria to treat cancer. No significant correlations exist between age or rela-
tionship to cancer and whether they are comfortable using engineered bacteria
to treat cancer. The provided values are p-values from a two-sided T-test, with a
p-value below 0.05 indicating statistical significance.

Are you comfortable using engineered bacteria?

Number of participants (%)

Characteristic Comfortable Uncomfortable p-value
(n=58) (n=19)

Age 0.4946
18 – 39 12 (%) 3 (%)
40 – 59 15 (%) 5 (%)
60+ 31 (%) 11 (%)
Fisher’s Exact Test, Alt. hypothesis: 2 sided

Relationship
with cancer

1

First-hand rela-
tionship

33 (75%) 11 (25%)

Second-hand rela-
tionship

25 (76%) 8 (24%)

Fisher’s Exact Test, Alt. hypothesis: 2 sided

Comfortable
with GMO

0.0039

Comfortable 30 (94%) 2 (6%)
Neutral 2 (100%) 0 (0%)
Uncomfortable 26 (60%) 17 (40%)
Fisher’s Exact Test, Alt. hypothesis: 2 sided

Comfortable with
engineered human cells

<0.0001

Comfortable 51 (93%) 3 (7%)
Neutral 7 (78%) 2 (22%)
Uncomfortable 0 (0%) 14 (100%)
Fisher’s Exact Test, Alt. hypothesis: 2 sided
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6.3 Discussion

Following the increase in clinical trials investigating the efficacy of using genet-

ically modified bacteria to treat cancer, we wished to explore public attitudes to-

wards these technologies. An initial purposive sampling study was conducted in

order to ensure the suitability of the questions. Personal contacts such as friends

and family completed this study. As expected from a sample such as this, most

responses were positive. However, they did not reflect the attitudes of the general

public, as the sample did not cover a range of ages and cancer relationships. The

point of the purposive sample was to ensure the survey functioned and the output

usable. In this regard, the purposive sample was successful and led to the launch of

the main survey in the public domain.

It should be noted that the formal survey only received a total of 102 full re-

sponses and, due to this limited sample size, may not be representative of the wider

public in general. However, the responses still provide a valuable insight into public

perceptions surrounding these newly emerging technologies. The majority of par-

ticipants in this study were comfortable with the concept of live bacterial therapies

(both ‘natural’ and ‘engineered’) as cancer treatments, despite a lack of previous

knowledge of these terms in some cases. In addition, positive correlations indicated

that participants who are comfortable using GM foods or engineered human cells to

treat cancer are also more comfortable using engineered bacterial therapies.

To further understand the attitudes of the participants towards microbiome en-

gineering and engineered live bacterial therapies, we included open text questions.

To identify the main themes of these responses and, therefore infer the attitudes

of the participants, we conducted a thematic analysis. We were able to identify

key themes that shaped the attitudes of the participants of this survey and support

the results of the quantitative questions. For example, trust emerged as a main

theme, with many respondents indicating they would be comfortable trusting their

healthcare professionals if they recommended microbiome engineering technolo-

gies. However, it is important to note this survey likely introduced this bias by

asking participants about trust in a previous question. However, it is an important
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observation to help guide future avenues to enable successful implementation of

new technologies in the future. Overall, these findings are promising for the fu-

ture adoption of the many microbiome engineering technologies that are currently

undergoing clinical trials.



Chapter 7

General conclusions

‘The hurried way is not the right way; you need time for

everything - time to work, time to play, time to rest.”’
— Hedy Lamarr, 1913-2000
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It comes as no surprise that in 2010, the UK government identified synthetic

biology as a disruptive technology of the future [264]. Given the transformative

potential of this field across multiple sectors, and its existing global impact, syn-

thetic biology is well-positioned to provide solutions to unresolved challenges in

human health and disease. As demonstrated in this work, synthetic biology tools

were employed to screen, build, and test constructs designed to selectively target

pathogens, an objective that remains unattainable with currently available tools,

namely antibiotics. This work successfully developed multiple bacteriocin delivery

platforms; including the SPoCK 2 bacteriocin expression system and Lysara, the

arabinose-inducible lysis system. Furthermore, bacteriocins capable of targeting

the onco-pathogens F. nucleatum and B. fragilis were identified and, when com-

bined with Lysara in a dual-plasmid system, demonstrated the ability to kill an

indicator strain, B. subtilis. Additionally, a public engagement survey was initiated

to assess cancer patients’ attitudes toward microbiome engineering and engineered

live biotherapeutics. Without public support, this work is of little value if it is not

ultimately implemented.

Systems like SPoCK raise potential concerns, as their design (if built as pre-

dicted) would allow them to persist and control microbial populations for extended

periods. Genetic engineering of microbes is already met with public apprehension

[265], and such concerns could be amplified by systems with prolonged activity.

To address this, the SPoCK system was coupled with Lysara, a lysis circuit func-

tioning as a ‘kill switch,’ thereby integrating a biocontainment mechanism for con-

trolled delivery. While SPoCK 2 successfully delivered the bacteriocin MccV and

responded to exogenous AHL repressors, it failed to endogenously respond to AHL

following arabinose induction. This was evident in the absence of ‘self-killing’, a

key feature of the updated system. Although it remains unclear whether the SPoCK

system was unresponsive to arabinose, it is likely that the complex dynamics of the

bacteriocin-immunity protein interaction contributed to this failure. Efforts to ad-

dress the stability of the immunity protein were ultimately unsuccessful. Despite

this, the SPoCK 2 system was able to express and secrete MccV, effectively killing



187

sensitive cells and repressing bacteriocin and immunity gene transcription. How-

ever, its inability to undergo self-killing compromises its robustness, particularly in

challenging environments such as the human gastrointestinal tract.

Initially designed as a biocontainment mechanism, the Lysara system showed

considerable promise. Following the identification of bacteriocins targeting the

onco-pathogens F. nucleatum and B. fragilis, it was hypothesised that Lysara could

also function as a bacteriocin delivery system for peptides that do not require

post-translational modifications. Aureocin A53 and Bactofencin A were identified

as suitable candidates, as they are single-peptide bacteriocins that do not require

disulphide bond formation. These bacteriocins demonstrated significant potential

in liquid culture experiments, killing onco-pathogens at concentrations compara-

ble to antibiotics [212]. Despite reports suggesting that Aureocin A53 may harm

macrophages [209], this observation was based on murine macrophages, which are

not always reliable models for human systems [266]. Importantly, this work con-

firmed that Aureocin A53 does not lyse red blood cells, though further studies using

more clinically relevant models are required. Future work could involve organ-

on-chip systems, allowing engineered live biotherapeutics to deliver bacteriocins

directly to onco-pathogens in a physiologically relevant environment. Addition-

ally, bacteriocins must be screened against a panel of commensal bacteria to assess

specificity. However, selectively targeting onco-pathogens may prove challenging,

necessitating alternative strategies such as vaccines to counteract onco-pathogen-

induced effects, as has been explored for F. nucleatum [267].

Despite, positive results that Aureocin A53 does not harm in an in vivo Galleria

mellonella model, the bacteriocin was also ineffective at killing the target pathogen

Enterococcus faecalis in vivo [201]. This highlights how important it is to under-

stand the protein dynamics of the bacteriocin and potentially that this work, which

produced Aureocin A53 in vivo could see functionality of the bacteriocin itself when

tested in in vivo models, compared to the synthesised bacteriocin which lack some-

thing to render them ineffective in and in vivo environment.

The Lysara system successfully responded to arabinose induction, lysing host
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cells and delivering bacteriocins to sensitive cells, thereby demonstrating antimicro-

bial activity. However, the system exhibited resistance to re-induction and variabil-

ity in response, which would be problematic in a therapeutic setting. Additionally,

a trade-off was observed between bacteriocin production and the system’s ability to

respond to induction. Further investigation is needed to understand the mechanisms

underlying resistance. If the resistance is not due to mutations in the lysis gene,

identifying genomic loci responsible for host cell adaptation (potentially the SlyD

locus, required for lysis by φX174E) will be essential. Modifying promoter strength

to a weaker variant could mitigate resistance by reducing selection pressure on host

cells. Growth curve analyses indicated that while the Lysara circuit itself did not

impose a significant burden, the bacteriocin expression plasmids did, highlighting

an important consideration for future system optimisation.

To enhance the therapeutic potential of Lysara, the inducer arabinose would

need to be replaced. Arabinose can be exploited by pathogenic strains such as en-

terotoxigenic E. coli, which utilises it for virulence factor regulation [268]. While

screening patients for pathogenic bacteria prior to treatment and localising biothera-

peutics to tumour sites could reduce risks, these steps introduce additional complex-

ity. Alternative inducers, such as IPTG, were initially explored but require further

optimisation [269].

Regarding bacteriocin expression plasmids, some (such as the MccV plasmids)

exhibited good growth but failed to demonstrate killing activity. MoClo-format Au-

reocin A53 and Bactofencin A plasmids exhibited poor growth and did not kill sen-

sitive strains. Even when IPTG-inducible plasmids expressing these bacteriocins

were combined with the Lysara circuit, killing was only observed in extremely

sensitive indicator strains, not in onco-pathogens. This may be a concentration-

dependent effect, as suggested by Aureocin A53 concentration curves. Addition-

ally, it was assumed that chemically synthesised bacteriocins and in vivo expressed

bacteriocins are functionally equivalent. Though this may not be the case, poten-

tially explaining differences in killing efficacy. Furthermore, this work highlights

the challenge of constructing a universal bacteriocin expression system. Evidence
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suggests that not all bacteriocins can be expressed and secreted using a single sys-

tem, a limitation observed in other studies [90].

If a single system cannot accommodate all bacteriocins and constructing mul-

tiple systems is impractical, alternative delivery strategies should be considered.

Rather than lysing or secreting bacteriocins from the engineered host cell, targeted

injection into bacterial cells could be explored [245]. This approach leverages the

observation that certain bacteriocins are non-toxic externally but lethal when pro-

duced intracellularly. Another problem with eLBT is in how to deliver them to

patients. One solution is to encapsulate the eLBT by engineering the bacterium’s

own encapsulation pathways [57]. However, this would require further modulation

of the eLBT and would place increased burden on the strain. Another potential

option could be to use existing osmotic pill samplers, which are 3D printed pills

that respond to pH signals in the gastrointestinal tract, which are currently used

to collect bacterial samples from different regions [270]. These could be instead

adapted to deliver an eLBT to the desired location. Ideally, these functions would

be combined so that the pill both collects microbiome samples and delivers the

eLBT drug, allowing for monitoring of eLBT progress. eLBTs could also be paired

with newer therapies such as monoclonal antibodies. Monoclonal antibodies are

highly targeted and could help ensure the eLBTs reach the tumour site. Although

pairing monoclonal antibodies with bacteria has been explored, those studies used

un-engineered bacterial strains with known anti-tumour effects, rather than eLBTs

[271]. There is merits in exploring this combination, as the targeted nature of mon-

oclonal antibodies could reduce the engineering required for eLBTs to reach their

target. This would lower the burden on the systems and could enable simpler de-

signs in non pathogenic strains, which are currently favoured due to their ability to

localise to tumour sites [272].

Regardless of the delivery strategy, public acceptance is crucial, not only for se-

curing funding but also for ensuring the clinical adoption of these technologies. The

public engagement survey conducted in this work yielded promising results. Partici-

pants expressed optimism about targeted therapies, particularly due to their potential
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to minimise side effects compared to current treatments such as chemotherapy and

radiotherapy. However, the survey lacked the statistical power to draw conclusions

regarding correlations between participants’ personal experiences with cancer and

their attitudes toward microbiome engineering and engineered live biotherapeutics.

Additionally, the sample was not representative of the general population. Never-

theless, this survey represents the first attempt to assess public attitudes toward these

technologies in the context of cancer, and responses were generally positive. No-

tably, participants emphasized their trust in medical professionals. Moving forward,

it will be critical to engage and educate healthcare providers early in the develop-

ment process to ensure they are equipped to communicate these technologies to

patients upon approval. Despite concerns regarding side effects and potential eco-

logical succession, participants were receptive to innovative approaches to cancer

treatment and were open to their clinical implementation.

This work highlights the complexity and challenges associated with engineer-

ing live bacterial therapeutics. The inconsistencies in bacteriocin expression plas-

mids, difficulties with plasmid constructs, and stability issues underscore the inher-

ent challenges of working with living systems. However, the successes; develop-

ment of the Lysara inducible lysis circuit, functional bacteriocin delivery, identi-

fication of bacteriocins targeting onco-pathogens, and positive public engagement

responses, demonstrate the potential of synthetic biology to address real-world chal-

lenges, such as antibiotic resistance and targeted therapy development. Future work

could refine these constructs into highly tunable systems or reconsider their design

in light of bacteriocin expression limitations. Further investigation into bacteriocin

expression and mode of action may be necessary to achieve the required specificity,

potentially through the development of synthetic bacteriocins [273].



Appendix A

Primer table

‘The most effective way to do it, is to do it.’

— Amelia Earhart, 1897 - 1939
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Appendix B

G-blocks

‘Don’t be intimidated by what you don’t know. That can be your

greatest strength and ensure you do things differently from

everyone else’
— Sara Blakely, 1971 - present
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Table B.1: G-block sequences used in this work

G-block name G-block sequence - 5’ - 3’

cvi SsrA M2 gBLOCK2 TCTCTGCATTAATGTCTGCAATATGTTAC

TTTGTTGGTGATAATTATTATTCAATATCC

GATAAGATAAAAAGGAGATCATATGAGA

ACTCTGACTCTAAAAGGCCTGCAGCAAAC

GACGAAAACTACGCTGCGAGCGTGTGAA

GGTCCATGGTACGTACCCATAGATAGGCG

CCGTTATCGACTGGGCCTCATGGGCCTTC

CGCTCACTGTAGATTAatTAAACTGAAGCT

TTCCACCATAATGCCAGCTACATATCCTG

GTATTTTTTTCCGATTATCTATAACTTGAC

GTGCAACGGAAATTTGCCGTTTAGCCACT

TTACCGCTATTACCATGGCTACAATCAAT

CGTCCGAAAGTCACCAGCctcctcccccctgccgtc

atccgtgcatcagatatgcactgagtatg

Continued on next page
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Table B.1: G-block sequences used in this work (continued)

G-block name G-block sequence - 5’ - 3’

cvi RepA M gBLOCK TCTCTGCATTAATGTCTGCAATATGTTAC

TTTGTTGGTGATAATTATTATTCAATATCC

GATAAGATAAAAAGGAGATCATATGAGA

ACTCTGACTCTAAAatgaatcaatcatttatctccgatat

tctttacgcagacattgaaTGAAGGTCCATGGTACG

TACCCATAGATAGGCGCCGTTATCGACTG

GGCCTCATGGGCCTTCCGCTCACTGTAGA

TTAatTAAACTGAAGCTTTCCACCATAATG

CCAGCTACATATCCTGGTATTTTTTTCCGA

TTATCTATAACTTGACGTGCAACGGAAAT

TTGCCGTTTAGCCACTTTACCGCTATTACC

ATGGCTACAATCAATCGTCCGAAAGTCAC

CAGCctcctcccccctgccgtcatccgtgcatcagatatgcactg

agtatg

Continued on next page
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Table B.1: G-block sequences used in this work (continued)

G-block name G-block sequence - 5’ - 3’

cvi MazE M gBLOCK TCTCTGCATTAATGTCTGCAATATGTTAC

TTTGTTGGTGATAATTATTATTCAATATCC

GATAAGATAAAAAGGAGATCATATGAGA

ACTCTGACTCTAAAatgatccacagtagcgtaaagcgtt

ggggaaattcaccggcggtgcggatcccggctacgttaatgcagg

cgctcaatctgaatattgatgatgaagtgaagattgacctggtggatg

gcaaattaattattgagccagtgcgtaaagagcccgtatttacgcttg

ctgaactggtcaacgacatcacgccggaaaacctccacgagaatat

cgactggggagagccgaaagataaggaagtctggtaaTGAAG

GTCCATGGTACGTACCCATAGATAGGCGC

CGTTATCGACTGGGCCTCATGGGCCTTCC

GCTCACTGTAGATTAatTAAACTGAAGCTT

TCCACCATAATGCCAGCTACATATCCTGG

TATTTTTTTCCGATTATCTATAACTTGACG

TGCAACGGAAATTTGCCGTTTAGCCACTT

TACCGCTATTACCATGGCTACAATCAATC

GTCCGAAAGTCACCAGCctcctcccccctgccgtcat

ccgtgcatcagatatgcactgagtatg

Continued on next page
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Table B.1: G-block sequences used in this work (continued)

G-block name G-block sequence - 5’ - 3’

garmL Npu CD GGTCTCAAATGatgattaaaattgcgacccgcaaatatctg

ggcaaacagaacgtgtatgatattggcgtggaacgctatcataacttt

gcgctgaaaaacggctttattgcgagcaactcaggagcttttactgc

agctgggggaattatggcactcattaaaaaatatgctcaaaagaaatt

atggaaacagcttattgctgcattagtcgcgactggaatggctgcag

gtgtagcaaaaactattgttaatgccgttagtgctggtatggatattgc

cactgctttatcattgttctgcctgagctatgataccgaaattctgaccg

tggaatatggcattctgccgattggcaaaattgtggaaaaacgcattg

aatgcaccgtgtatagcgtggataacaacggcaacatttatacccag

ccggtggcgcagtggcatgatcgcggcgaacaggaagtgtttgaa

tattgcctggaagatggctgcctgattcgcgcgaccaaagatcataa

atttatgaccgtggatggccagatgatgccgattgatgaaatttttgaa

cgcgaactggatctgatgcgcgtggataacctgccgaactag

Continued on next page
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Table B.1: G-block sequences used in this work (continued)

G-block name G-block sequence - 5’ - 3’

mccVCvi CD TTAAGACGGGCGACAGATGACTAGTGGG

TCTCAAATGATGAGAACTCTGACTCTAAA

TGAATTAGATTCTGTTTCTGGTGGTGCTTC

AGGGCGTGATATTGCGATGGCTATAGGA

ACACTATCCGGGCAATTTGTTGCAGGAGG

AATTGGAGCAGCTGCTGGGGGTGTGGCT

GGAGGTGCAATATATGACTATGCATCCAC

TCACAAACCTAATCCTGCAATGTCTCCAT

CCGGTTTAGGGGGAACAATTAAGCAAAA

ACCCGAAGGGATACCTTCAGAAGCATGG

AACTATGCTGCGGGAAGATTGTGTAATTG

GAGTCCAAATAATCTTAGTGATGTTTGTT

TATAAGATACCAGGAGGAAACTGCTATG

GATAGAAAAAGAACAAAATTAGAGTTGT

TATTTGCATTTATAATAAATGCCACCGCA

ATATATATTGCATTAGCTATATATGATTG

TGTTTTTAGAGGAAAGGACTTTTTATCCA

TGCATACATTTTGCTTCTCTGCATTAATGT

CTGCAATATGTTACTTTGTTGGTGATAAT

TATTATTCAATATCCGATAAGATAAAAAG

GAGATCATATGAGAACTCTGACTCTAAAT

GAAGGTAGAGACCTACTAGTAATCAGTTC

TGGACCAGCGAGCTGTGCTGCGACTCGTG

GCGTAATCATG



Appendix C

Plasmid maps

‘Think like a queen. A queen is not afraid to fail. Failure is

another steppingstone to greatness.’
— Oprah Winfrey, 1954 - present
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Appendix: SPoCK 1 bacteriocin producing plasmid

Appendix: SPoCK 1.1 bacteriocin producing plasmid

Figure C.1: Plasmid maps
SPoCK 1 and SPoCK 1.1 bacteriocin producing plasmids.
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Appendix: SPoCK 2 bacteriocin producing plasmid

Appendix: SPoCK 2.1 bacteriocin producing plasmid

Figure C.2: Plasmid maps
SPoCK 2 and SPoCK 2.1 bacteriocin producing plasmids.
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Appendix: SPoCK 3 bacteriocin producing plasmid

Appendix: SPoCK system quorum sensing plasmid

Figure C.3: Plasmid maps
SPoCK 3 bacteriocin producing and SPoCK quorum sensing plasmids.
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Appendix: SPoCK 3 quorum sensing plasmid

Appendix: cirA containing plasmid

Figure C.4: Plasmid maps
SPoCK 3 quorum sensing and the cirA producing plasmids.
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Appendix: Lysara, arabinose inducible lysis system plasmid

Appendix: IPTG Inducible plasmid

Figure C.5: Plasmid maps
Lysara, the arabinose inducible, and the IPTG inducible lysis plasmids.
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Appendix: MccV + Cvi as a moclo transcriptional unit

Appendix: A53 as a moclo transcriptional unit

Figure C.6: Plasmid maps
MccV + Cvi moclo plasmid and Aureocun A53 moclo plasmid.
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Appendix: A53 as a moclo transcriptional unit without 
the moclo scar sites

Appendix: GarML as a moclo transcriptional unit

Figure C.7: Plasmid maps
Garvicin ML moclo plasmid and Aureocin A53 without scar sites as a moclo

plasmid.



Appendix D

SESA raw data

‘The way I see it, if you want the rainbow, you gotta put up with

the rain.’
— Dolly Parton, 2013
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LacQ A/B Lacticin Q SlvV* SlvW SlvY SlvZ

CereinX ABC Ent 50 A/B Ent 7 A/B Ent 760 GarML LacG A/B

Negative Aureocin 53 Bact. L1077 Bacteriocin A Blpk CereinX A
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Figure D.1: The oCelloScope data, using the SESA values these are the raw numbers
from the algorithm.

The negative plot contains the growth curves of B. fragilis and F. nucleatum with no
bacteriocin present.



Appendix E

Survey questions

‘It took me quite a long time to develop a voice, and now that I

have it, I am not going to be silent.’
— Madeleine Albright, 2010
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Section 1
Q1. Please select your age range from the groups below:

• A. 18-39

• B. 40-59

• C. 60+

• D. Prefer not to say

Q2. How have you personally been impacted by cancer?

• A. 1st hand (i.e., current patient/survivor of cancer)

• B. 2nd hand (i.e., first-degree relative of a patient who has been diagnosed

with cancer)

• C. 3rd hand (i.e., friend/distant relative of a patient who has been diagnosed

with cancer)

• D. Not personally impacted

Q3. Which of these potential cancer treatment options would you be comfort-

able taking if recommended (or have previously taken if applicable)?

• A. Surgery – removal of tumours through cutting them out of the body.

• B. Chemotherapy – use of drugs to kill cancer cells.

• C. Radiation – use of high-powered energy rays (such as X-rays) to kill cancer

cells.

• D. Immunotherapy/Biological Therapy – use of the body’s own immune sys-

tem to fight cancer cells.

• E. Live bacterial therapy – use of live bacteria to target cancer inside the body.

• F. Do not know enough to answer.
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Q4. Who would you trust to provide information on new cancer therapies and

recommendations for promising treatments? Please rank these options from most

trustworthy (1) to least trustworthy (6):

• A. Clinicians/doctors

• B. Regulatory bodies (e.g., Medicines & Healthcare products Regulatory

Agency, European Medical Agency)

• C. Cancer charities

• D. NHS website and official resources (e.g., hospital flyers and brochures)

• E. Academic researchers

• F. Pharmaceutical/private research companies

Section 2
You will now be given a short description of the term ‘Probiotics’. Please read the

following statement carefully:

Probiotics are live microorganisms (such as bacteria) that are intended to have

health benefits when consumed or applied to the body. They can be found in yogurt

and other fermented foods, dietary supplements, and beauty products. Probiotics

have so far shown some promise in the treatment of diarrhoea, bacterial vaginosis,

and irritable bowel syndrome (IBS).

Q5. Please select the statement that best applies to you regarding probiotics:

• A. I had never heard of probiotics and I do not understand what they are.

• B. I had never heard of probiotics but I understand what they are now.

• C. I have heard about probiotics previously but do not understand what they

are.

• D. I have heard about probiotics previously and I understand what they are.

Q6. Are you aware of the proposed benefits of probiotics?
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• A. Yes

• B. No

• C. Do not know enough information to provide an opinion.

Q7. Are you aware of the limitations of probiotics?

• A. Yes

• B. No

• C. Do not know enough information to provide an opinion.

Q8. Would you/do you take probiotics to supplement your current diet? This

includes regularly consuming items such as fermented foods or live yogurt.

• A. Yes

• B. No

• C. Do not know enough information to provide an opinion.

Q9. Would you/do you take probiotics to treat a disease/medical condition?

• A. Yes

• B. No

• C. Do not know enough information to provide an opinion.

Section 3
You will now be given a short description of the term ‘microbiome engineering’.

Please read the following statement carefully:

A microbiome is a community of micro-organisms (bacteria, fungi, etc.) that

live together within a specific environment, like the human gut. Microbiome engi-

neering aims to modify these communities in a predictable way, for example, for

the treatment of diseases within the body.

Q10. Please select the statement that best applies to you regarding microbiome

engineering:
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• A. I had never heard of it and I do not understand what it is.

• B. I had never heard of it but I understand what it is now.

• C. I have heard about it previously but do not understand what it is.

• D. I have heard about it previously and I understand what it is.

Q11. Please rate to what extent you would approve/disapprove of microbiome

engineering technologies:

• A. Strongly disapprove

• B. Mildly disapprove

• C. Neutral/no opinion

• D. Mildly approve

• E. Strongly approve

• F. Do not know enough to answer

Please explain your choice in a maximum of 100 words (this box can be left

blank, please DO NOT include any information that could potentially identify you,

i.e., name, exact age, where you live, health status, etc.):

[Open text box for responses]

Q12. If you disapprove of microbiome engineering, please highlight your ma-

jor concerns and what, if anything, could be done to address them? (Please DO

NOT include any information that could potentially identify you, i.e., name, exact

age, where you live, health status, etc.):

[Open text box for responses]

You will now be given a short description of the term ‘genetically modified

organism’. Please read the following statement carefully:

A genetically modified organism (GMO) is any organism which has had its

genetic material, or DNA, modified in a laboratory. As microbiome engineering



221

may involve the use of GMOs, the following questions will explore your opinions

on the use of GMOs.

Q13. Please rate to what extent you approve/disapprove of consuming geneti-

cally modified foods (e.g., GM tomatoes) as part of your diet:

• A. Strongly disapprove

• B. Mildly disapprove

• C. Neutral/no opinion

• D. Mildly approve

• E. Strongly approve

• F. Do not know enough to answer

Q14. Please rate how comfortable you would be with using engineered (i.e.,

genetically modified) human cells as part of your cancer treatment plan (e.g., cur-

rently available CAR-T cell therapy):

• A. Very uncomfortable

• B. Mildly uncomfortable

• C. Neutral/no opinion

• D. Mildly comfortable

• E. Very comfortable

• F. Do not know enough to answer

Q15. In the future, how comfortable would you be with using natural live

bacteria as part of your cancer treatment plan:

• A. Very uncomfortable

• B. Mildly uncomfortable
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• C. Neutral/no opinion

• D. Mildly comfortable

• E. Very comfortable

• F. Do not know enough to answer

Q16. In the future, how comfortable would you be with using engineered (i.e.,

genetically modified) live bacteria as part of your cancer treatment plan:

• A. Very uncomfortable

• B. Mildly uncomfortable

• C. Neutral/no opinion

• D. Mildly comfortable

• E. Very comfortable

• F. Do not know enough to answer



Appendix F

Bacteria outreach
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Figure F.1: Collection of the bacterial cartoons created during this PhD
Created using Adobe Illustrator, featuring festive yeast cells.
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[10] Bhairavi Doshi, Mika Sillanpää, and Simo Kalliola. A review of bio-based

materials for oil spill treatment. Water Research, 135:262–277, May 2018.

[11] Xinyi Wan, Trevor Y. H. Ho, and Baojun Wang. Engineering Prokaryote

Synthetic Biology Biosensors. In Gerald Thouand, editor, Handbook of Cell

Biosensors, pages 1–37. Springer International Publishing, Cham, 2019.

[12] Zhiqiang Wen, Nigel P. Minton, Ying Zhang, Qi Li, Jinle Liu, Yu Jiang,

and Sheng Yang. Enhanced solvent production by metabolic engineering

of a twin-clostridial consortium. Metabolic Engineering, 39:38–48, January

2017.

[13] Karsten TEMME, Alvin TAMSIR, Sarah BLOCH, Rosemary CLARK, and

Emily TUNG. Methods and compositions for improving plant traits, January

2017.

[14] Matija Stanic, Neil M.N. Hickerson, Rex Arunraj, and Marcus A. Samuel.

Gene-editing of the strigolactone receptor BnD14 confers promising shoot

architectural changes in Brassica napus (canola). Plant Biotechnology Jour-

nal, 19(4):639–641, 2021.

[15] Trans Fatty Acids and Coronary Heart Disease | New England Journal of

Medicine. https://www.nejm.org/doi/full/10.1056/NEJM199906243402511.

[16] Stephanie H. Kung, Sean Lund, Abhishek Murarka, Derek McPhee, and

Chris J. Paddon. Approaches and Recent Developments for the Commer-

cial Production of Semi-synthetic Artemisinin. Frontiers in Plant Science, 9,

January 2018.



BIBLIOGRAPHY 226

[17] Paul F. Robbins, Richard A. Morgan, Steven A. Feldman, James C. Yang,

Richard M. Sherry, Mark E. Dudley, John R. Wunderlich, Azam V. Nahvi,

Lee J. Helman, Crystal L. Mackall, Udai S. Kammula, Marybeth S. Hughes,

Nicholas P. Restifo, Mark Raffeld, Chyi-Chia Richard Lee, Catherine L.

Levy, Yong F. Li, Mona El-Gamil, Susan L. Schwarz, Carolyn Lau-

rencot, and Steven A. Rosenberg. Tumor Regression in Patients With

Metastatic Synovial Cell Sarcoma and Melanoma Using Genetically Engi-

neered Lymphocytes Reactive With NY-ESO-1. Journal of Clinical Oncol-

ogy, 29(7):917–924, March 2011.

[18] Rino Rappuoli, Ennio De Gregorio, Giuseppe Del Giudice, Sanjay Phogat,

Simone Pecetta, Mariagrazia Pizza, and Emmanuel Hanon. Vaccinology in

the post-COVID-19 era. Proceedings of the National Academy of Sciences,

118(3):e2020368118, January 2021.

[19] Lisa A. Jackson, Evan J. Anderson, Nadine G. Rouphael, Paul C. Roberts,

Mamodikoe Makhene, Rhea N. Coler, Michele P. McCullough, James D.

Chappell, Mark R. Denison, Laura J. Stevens, Andrea J. Pruijssers, Adrian

McDermott, Britta Flach, Nicole A. Doria-Rose, Kizzmekia S. Corbett, Kait-

lyn M. Morabito, Sijy O’Dell, Stephen D. Schmidt, Phillip A. Swanson,

Marcelino Padilla, John R. Mascola, Kathleen M. Neuzil, Hamilton Ben-

nett, Wellington Sun, Etza Peters, Mat Makowski, Jim Albert, Kaitlyn Cross,

Wendy Buchanan, Rhonda Pikaart-Tautges, Julie E. Ledgerwood, Barney S.

Graham, and John H. Beigel. An mRNA Vaccine against SARS-CoV-2 —

Preliminary Report. New England Journal of Medicine, 383(20):1920–1931,

November 2020.

[20] Mark R. Charbonneau, Vincent M. Isabella, Ning Li, and Caroline B. Kurtz.

Developing a new class of engineered live bacterial therapeutics to treat hu-

man diseases. Nature Communications, 11(1):1738, April 2020.

[21] Ina Balke and Andris Zeltins. Recent Advances in the Use of Plant Virus-

Like Particles as Vaccines. Viruses, 12(3):270, February 2020.



BIBLIOGRAPHY 227

[22] Gail A. M. Cresci and Kristin Izzo. Chapter 4 - Gut Microbiome. In

Mandy L. Corrigan, Kristen Roberts, and Ezra Steiger, editors, Adult Short

Bowel Syndrome, pages 45–54. Academic Press, January 2019.

[23] Gabriele Berg, Daria Rybakova, Doreen Fischer, Tomislav Cernava, Marie-

Christine Champomier Vergès, Trevor Charles, Xiaoyulong Chen, Luca Co-

colin, Kellye Eversole, Gema Herrero Corral, Maria Kazou, Linda Kinkel,

Lene Lange, Nelson Lima, Alexander Loy, James A. Macklin, Emmanuelle

Maguin, Tim Mauchline, Ryan McClure, Birgit Mitter, Matthew Ryan, Inga

Sarand, Hauke Smidt, Bettina Schelkle, Hugo Roume, G. Seghal Kiran,

Joseph Selvin, Rafael Soares Correa de Souza, Leo van Overbeek, Bra-

jesh K. Singh, Michael Wagner, Aaron Walsh, Angela Sessitsch, and Michael

Schloter. Microbiome definition re-visited: Old concepts and new chal-

lenges. Microbiome, 8(1):103, June 2020.

[24] Livia H. Morais, Henry L. Schreiber, and Sarkis K. Mazmanian. The gut

microbiota–brain axis in behaviour and brain disorders. Nature Reviews Mi-

crobiology, 19(4):241–255, April 2021.

[25] Longsha Liu, Jun R. Huh, and Khalid Shah. Microbiota and the gut-brain-

axis: Implications for new therapeutic design in the CNS. eBioMedicine, 77,

March 2022.

[26] Roberta Caruso, Bernard C. Lo, and Gabriel Núñez. Host–microbiota in-
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